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Abstract For thin films of tin dioxide, indium oxide and

indium tin oxide, the substrate nature plays a determining

role on their structural and morphological characteristics,

which modified noticeably their optical property. On

these substrates, the electropolymerization characteristics

of polypyrrole exhibited the profound modifications

related to the active sites for nuclei formation and their

growth. These modifications induced the important

change in charge transport characteristics of polypyrrole

thin films.

Introduction

The high stability, good conductivity and simple preparation

from aqueous solution have rendered polypyrrole (PPy) as

one of conjugated conducting polymers the most attractive

for various applications in batteries [1, 2], anticorrosion,

electrochromic devices [3], electrocatalysis [4–6] and

sensors [7–9]. Previous works have pointed out the feasi-

bility of multilayered PPy/Ox composite electrodes in which

Ox was spinel oxide nanoparticles of copper and manganese

Cu1.4Mn1.6O4 or of nickel and cobalt NixCo3-xO4, dispersed

and confined in an inner PPy/Ox layer sandwiched between

two PPy layers [10, 11]. Such electrodes exhibit excellent

electrocatalytic reactivity towards oxygen reduction reaction

[12, 13] with remarkable stability [14].

On the other hand, the lower oxidation of pyrrole (Py)

compared to other monomers offers the possibility of PPy

films formation on different substrates, not only on chem-

ically inert materials (Au, Pt, glassy carbon) [15, 16], but

also on active metal (iron, mild steel) [17, 18] and on

semiconducting transparent substrates, such as indium tin

oxide (ITO) and tin dioxide (SnO2), [19, 20] as well as.

However, no work concerning the correlation between the

characteristics of PPy films and substrates nature has been

reported.

According to some authors [21], the presence of PPy on

Pt substrate modifies noticeably its electrochemical behav-

iour. On semiconducting transparent substrates, such as

ITO, In2O3 and SnO2, the presence of PPy submonolayers

plays a determining role on the adsorption characteristics of

polyoxometalate, as reported in recent work [22]. Such

modification can be attributed to the changes of surface

characteristics involved by PPy submonolayer formation.

This study [22] reveals a promising self-assembly property

between polyoxometalate and PPy films on SnO2. This can

be used to prepare complicated multilayer thin films by self-

assembly.

It is well known that the charge transport properties of

counter ions inside of PPy films depend strongly upon

electropolymerization parameters (nature and concentra-

tion of doping anions, substrate nature) [23–26]. These

properties, as one can expect, play a determining role on

self-assembly properties and reactivity electrocatalytical of

composite electrodes based on PPy films.
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The aim of this work is to investigate the correlations

between the properties of PPy thin films and substrate

nature.

Experimental

Materials

The potassium chloride and the pyrrole were purchased

from Aldrich Chemical Co. Pyrrole was distilled prior to

use and potassium chloride used as received. The pyrrole

(Py) monomer was dissolved at a concentration of 0.25 M

in a 0.50 M ultra pure water solution of KCl. This solution

was stored under argon atmosphere at 4 �C in the dark

before it was used. The semi-conducting oxides working

electrodes were glass piece of 1 cm 9 2 cm covered by the

oxide layer of about 400 nm thickness and having the

structure G/S, where G corresponds to glass and S repre-

sents In2O3, ITO or SnO2. The In2O3 and ITO substrates

were purchased from Diamond Coatings Limited Company

(UK), from Sagem (Fr), respectively. Concerning SnO2

one, the spray pyrolysis method was used to obtain a

conductive and low cost substrate. This technique consists

of spraying at room temperature an aqueous or organic

solution of metallic salts using a usually inert gas vector on

an appropriate substrate heated at a selected temperature.

On the surface of the substrate the thermal decomposition

occurs and the solvent evaporates from the droplets while a

chemical process leads to the formation of a solid thin film.

The experimental set-up and spraying procedure have been

previously described in detail [27–29]. In this work, the cir-

cular movement of spray gun is 25 rpm (instead of 10 rpm).

In order to prepare SnO2 electrodes, we used Pyrex glass

slides as substrate (1 cm 9 2 cm) which were previously

mechanically and smoothly polished. One side was

roughened with carborundum 450, to ensure good adher-

ence and a better temperature distribution. In order to clean

the glass surfaces, they were immersed in warm (60 �C)

1 M HNO3 + 1 M HCl solution for 3 min, rinsed thor-

oughly with bidistilled water and then degreased in hot

acetone. After that they were etched for 5 min in boiling

10% oxalic acid, washed in bidistilled water and finally

cleaned ultrasonically in bidistilled water.

An inert interlayer of tin oxide doped with fluorine

(SnO2:F films) was deposited by spray pyrolysis to obtain

conductive glasses. The optimal conditions of preparation

were carefully determined elsewhere [29]. Optimized

conductive layers were obtained by spraying methanolic

solutions 0.2 M in SnCl4 and 0.14 M in NH4F at a flow rate

of 4 mL min-1 onto a hot (430 �C) roughened glass slide.

The vector gas was air at a pressure of 2 bars. All reagents

were analytical grade (SnCl4 and NH4F, Prolabo; CH3OH,

Merck). The temperature of the substrate was checked with

an infrared pyrometer Cyclops 330 (Minolta). The spraying

rate of the solution was regulated with a peristaltic pump.

Electrochemistry

The PPy films involve the electropolymerization of pyrrole in

a one compartment cell containing 18 mL of 0.5 M KCl + 0.25

M Py solution. The G/S substrates were working electrodes

with 1 cm2 surface area. Prior to electropolymerization, they

were rinsed with ethanol then washed with doubly distilled

water in an ultrasonic bath. The counter and reference elec-

trodes were a Pt plate and a saturated calomel electrode (SCE),

respectively. The electrolyte solution was deoxygenated for

30 min before use by bubbling Ar and maintained under Ar

atmosphere during electropolymerization of pyrrole. The PPy

electrodeposition was performed at room temperature at a

constant potential E = 1.2 V/SCE for 70 s using an Autolab

PGSTAT 20 potentiostat equipped with a data acquisition

system.

Cyclic voltammetry experiments were carried out at

ambient temperature (20 ± 2 �C) in a two compartments cell,

using the same Autolab model PGSTAT 20 potentiostat as

above. The aqueous electrolyte of 0.5 M KCl solution in

absence of Py monomer was bubbled with argon during 30

min prior to use and maintained under Ar atmosphere during

the experiment. All potentials were measured versus a

commercial (Tacussel) calomel reference electrode (SCE)

(KCl sat.). The platinum wire used as auxiliary electrode was

placed in a separate compartment in order to avoid con-

tamination of the electrolytic solution by electrogenerated

species. The working electrodes G/S were rinsed with doubly

distilled water and dried under argon.

Instrumentation

The structure of different substrates was determined by

X-ray diffraction (XRD) with a Siemens D500 diffrac-

tometer using CoKa radiation. Their morphology was

characterized by scanning electron microscope Jeol JMS

840 and the actual metal ratio in oxides was checked by

EDAX. The optical properties of substrates and PPy films

were characterized by UV–Vis absorption spectra recorded

by a mono beam HP-Agilent 8453 spectrophotometer.

Results and discussion

Substrates characterization

The XRD spectra recorded on In2O3, ITO and SnO2 substrates

were shown in Fig. 1. They show a strong similarity between

XRD data recorded on SnO2 prepared by spray pyrolysis and
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those reported in ASTM Power Diffraction File for this

compound (41-1445 File). This indicates that this substrate

exhibits a tetragonal structure with a (101) preferential crys-

tallographic plane which is different than that reported for the

selected ASTM compound. This discrepancy results probably

from the preparation methods. The high crystallization of this

compound allows to estimate its a and c tetragonal cell

parameters which are 4.74 and 3.18 Å, respectively. In case of

In2O3, its crystallization degree is rather poor. The main peak

was found to corresponds to (222) crystallographic plane of

centred cubic system (06-0416 File). Concerning ITO, the

EDAX analysis pointed out that Sn/In ratio in this compound

was closed to 0.22. For such compound, taking into account

the unavailability of ASTM power diffraction file on the one

hand and the XRD results (Fig. 1) on the other hand, one can

suggest that the Sn incorporation into In2O3 leads to a solid

solution formation in which the In2O3 structure remains

unchanged, while SnO2 having an orthorhombic structure

(ASTM, 78-1063 File) seems improve crystallization of

In2O3. These results are supported by microphotographs

performed on these substrates, as shown in Fig. 2. It can be

seen a very smooth morphology was obtained for In2O3

(Fig. 2a), while a less regular texture was observed on ITO

(Fig. 2b). This indicates that roughnesses begin to develop

onto ITO solid solution, which result likely from the high

crystallization degree of SnO2 (Fig. 1). This hypothesis is

confirmed by the occurrence of very sharp morphology for

SnO2, where only the big crystallites with well definite

structure were observed (Fig. 2c).

The Fig. 3 displays the transmission spectra recorded on

In2O3, ITO and SnO2 bare substrates. They pointed out a

great difference in optical behaviours of these substrates.

Indeed, the spectrum performed on In2O3 shows in 400 nm

region an absorption edge more abrupt than those of ITO

and SnO2 substrates, and reveals the striking oscillations

which reduced strongly on ITO and practically vanished

for the case of SnO2. A similar fact was reported for CdS

thin films obtained by thermal evaporation in vacuum [30].

Such oscillations resulted from Fabry-Perot interference

fringes regenerated by two flat surfaces in parallel with a
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Fig. 1 X-ray diffraction patterns of SnO2, ITO and In2O3

Fig. 2 Morphology of In2O3 (a), ITO (b) and SnO2 (c)
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low distance between them. In case of In2O3, its very

smooth surface, as shown in Fig. 2a, allows to suggest that

the surface of this compound and glass one are in parallel.

Consequently, the oscillations occurred. Concerning ITO,

this compound is a solid solution of In2O3 and of SnO2 as

shown in Fig. 1. The presence of latter with an ortho-

rhombic structure reduces the surface quality of ITO

(Fig. 2b) due to the micro-crystallites formation which lead

to a decrease of parallelism between its surface and support

one. The occurrence of oscillations diminishes. About

SnO2 case with big crystallites (Fig. 2c), its surface quality

does totally not satisfy Fabry-Perot requirements. For this

reason, oscillations are practically vanished. The Fig. 3

results allowed to determine the bandgap, Eg, of these

oxides, as shown in Fig. 4, using the relation reported for

materials with direct gap [31]:

ðahmÞ2 ¼ Aðhm� EgÞ

where a is the absorption coefficient, hm is the photon

energy and A is a constant.

The Eg were 3.49, 3.60 and 3.72 eV for In2O3, ITO and

SnO2, respectively. These results are in good agreement

with those reported elsewhere [32].

PPy film formation

The i–t curves characterizing Py electropolymerization,

recorded on G/S electrodes (G: glass, S: In2O3, ITO or

SnO2), at potential E = 1.2 V/SCE and room temperature,

in 0.25 M Py + 0.5 M KCl solution previously deoxy-

genated and maintained under Ar atmosphere, are shown in

Fig. 5. These chronoamperometric curves indicated that

the electrode nature exhibited a striking effect on their

shape and their characteristics. It can be seen that on In2O3

and SnO2 electrodes, there is solely one peak whose height

and position were changed with electrode nature, while two

peaks were observed for ITO case. In all cases, The

thickness of PPy film was estimated by coulometry using

the relationship [33] e(lm) = 2.5Q(C cm-2). The main

characteristics were gathered in Table 1.

It is pointed out that [16, 34] the nucleation and growth

mechanism of polypyrrole are similar to those suggested for

metal. The using of the theoretical model reported for metal

growth [35] is, thus, suitable for polypyrrole electropoly-

merization process. According to this model, the current–time

transient characterizing the nucleation of PPy should pass

through a maximum whose the presence can be attributed to

effect of overlap between growing centres resulting from

nuclei formation occured during the first stage of electropo-

lymerization process on active sites on electrode surface.

Before overlapping, the currents recorded on In2O3 and SnO2
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previously deoxygenated, at room temperature, E = 1.2 V/SCE
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were mainly controlled by these sites that depend only on the

substrates nature but remain unchanged with time. Taking into

account the imax and tmax values in Fig. 5 and Table 1, one can

suggest that the number of active sites presented on SnO2

surface is higher than that resulted from In2O3 one, while the

growth rate of nuclei formed on later was likely more

important than that occured on the former. Concerning ITO, it

is solid solution as shown above (Fig. 1). Its chronoampero-

metric curve (Fig. 5) exhibited two peaks. In former region

where t B 2.5 s, it is likely that the currents were practically

originated from nucleation on In2O3, owing to the fact that the

nuclei formation on these sites is about thrice higher than that

occured on SnO2 with an overlapping time which is more

important than In2O3 case. On the other hand the imax==ITO=
�

imax =In2O3
Þt¼tmax

ratio calculated, using the data of Table 1 and

Fig. 5, is 0.76. This allows to suggest that the proportion of

In2O3 in ITO is about of 76%. After overlapping, the current

decrease due to the In2O3 sites was compensated by growing

of nuclei formed on SnO2 sites. In this region with t[5 s, the

currents recorded on ITO involved two components, (iITO)1

and (iITO)2 regenerated by In2O3 and SnO2 respectively. The

SnO2 content presented in ITO was estimated from the ratio

iITOð Þ2=iSnO2

� �
t¼10:6 s

, using the experimental data of Fig. 5

and Table 1, which is closed to 0.19. This value indicates that

the SnO2 content in this compound is 19%. This result and the

In2O3 one are in good agreement with those obtained by

EDAX analysis as shown above.

Cyclic voltammetry

The Fig. 6 displays the typical cyclic voltammograms

(CVs), recorded on G/S/PPy electrodes (where Ox = In2O3,

ITO and SnO2), in pyrrole free 0.5 M KCl solution previously

deoxygenated by bubbling argon and maintained under Ar

atmosphere. All cyclic voltammograms were performed at

room temperature with a scan rate of 10 mV s-1 from -0.70

to +0.35 V/ SCE. The change in the shape and characteristics

of CVs obtained illustrate a pronounced effect of substrate

nature. It can be seen that the increase of the cathodic peak

potential, Epc, in sequence In2O3 (-292 mV/SCE) \ ITO

(-160 mV/SCE)\SnO2 (-133 mV/SCE) always accom-

panied by a drop of the peak current intensities.

In its oxidized state the polypyrrole incorporates doping

anions in order to neutralize the positive charge (bipolarons)

created on its backbone during electropolymerization pro-

cess. The switching between oxidized and reduced states

implies the expulsion/insertion process of doping anion

from/into polymer matrix where the moving ability of anion

depend not only on its nature [23] but also on the changes in

PPy characteristics induced by electropolymerization pro-

cesses which are controlled by substrate nature, as shown in

the chronoamperometric curves (Fig. 5). This explains the

change in shape of the CVs. For instance the substitution of

In2O3 substrate by ITO or SnO2 ones lead to a positive shift

of the cathodic peak potential of 132 and 159 mV, respec-

tively. This indicates that the reduction of PPy formed on

In2O3 is more difficult than those obtained on other

substrates.

It is generally admitted [23, 25, 26] that using Cl- as

doping anion may lead to formation of PPy with a good

quality of charge transport, due to its poor nucleophilic

character. However, such character may also reduce notice-

ably the incorporation kinetics of anion into PPy matrix. For

the case of PPy formed on In2O3, owing to the fact that its

nuleation was more rapid than those obtained on other sub-

strates, as shown in Fig. 5, one can expect that a partial

doping was occured on this film in which the excess of

bipolarons, created on its backbone during electropoly-

merization, leads to a reduction of Cl- moving in PPy film.

This implies the deterioration of its charge transport char-

acteristics. On the SnO2 and ITO, the decreasing of PPy

formation rate should likely increase its doping level, hence,

improves its charge transport characteristics. Such hypoth-

esis is supported by the apparent doping level calculated

from a potentiostat equipped integrator. The values are,

4.8%, 7% and 8% for In2O3, ITO and SnO2, respectively.

Table 1 Electropolymerization characteristics of PPy films on vari-

ous substrates from data in Fig. 5

Substrates imax (mA cm-2) tmax (s) Thickness (lm)

SnO2 11.77 10.65 1.85

In2O3 10.68 3.05 0.50

ITO

Peak1 8.11 2.55 0.68

Peak 2 5.89 10.60
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Fig. 6 Cyclic voltammograms (CVs), recorded on G/S/PPy elec-

trodes (where Ox = In2O3, ITO and SnO2), in pyrrole free 0.5 M KCl

solution previously deoxygenated, scan rate equalto 10 mV s-1
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Such hypothesis is also supported by absorption spectra

performed on PPy films electrogenerated on In2O3, ITO and

SnO2, as shown in Fig. 7. Indeed, it can be seen that spectrum

absorption peak recorded on In2O3 exhibits a hypsochromic

shift in relation with spectra resulted from films formed on

other substrates.

Conclusion

It was shown in this investigation that the substrate nature

have a striking effect on the charge transport characteristics

of PPy flms and their optical properties as well as. Such

effect can be attributed to the profound changes in nucle-

ation and growth characteristics of electrogenerated

polypyrrole, which are strongly connected to the substrate

nature, although the key factors of these modifications are

not yet established. The clarifications related to these

points appear necessary for an optimization of various

electropolymerization characteristics, which should allow

to obtain the highly qualities suitable for preparation of thin

films by self-assembly.
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