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Some galvanic couples were designed with PPy films to simulate possibly formed corrosion cells on PPy.
Their effects on the corrosion of PPy were investigated using electrochemical methods and XPS analysis.
The results indicate that the PPy redox state difference cell just occurs in the initial corrosion period and
can not be sustained on PPy. The H+ ion and electrolyte concentration difference cells can be sustained on
PPy but do not influence the corrosion of PPy. The oxygen concentration difference cell can also be
sustained on PPy and severely accelerates the corrosion of PPy. The mechanism involved is discussed.
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1. Introduction

Polypyrrole (PPy) has been studied and used widely owing to its
advantageous physical and chemical properties [1–8]. With regard
to its applications, the stability of PPy is a key issue because PPy
may undergo irreversible degradation and loss of performance in
service environment [9,10], which is also considered as the corro-
sion of PPy according to the European Federation of Corrosion
Working Party on Corrosion of Polymer Materials [11]. However,
the corrosion mechanism of PPy is still not clearly understood.

The corrosion of PPy will decrease its conductivity [12–14] and
electroactivity [15,16]. The changes of PPy structure and chemical
components after corrosion have been studied using Fourier trans-
form infrared spectroscopy (FTIR), X-ray photoelectron spectros-
copy (XPS), ultraviolet–visible absorption spectroscopy (UV–Vis),
Raman spectroscopy, atomic force microscope (AFM) and scanning
electron microscope (SEM) analysis [17–19]. According to these
researches, it is generally believed that the corrosion of PPy is
induced by nucleophilic attack from H2O, OH�, CH3OH or NH3,
etc. This corrosion not only destroys the conjugated structure of
the PPy chains, but also results in the loss of electrochemical
activity [20–25]. However, all these researches just consider the
chemical action between PPy and media.

www.sp
PPy has a large surface conjugated molecular structure and
conducts through the activation of conjugated p electrons [26].
After being doped, it can reach the conductive level of metals.
Moreover, PPy has similar charge transfer ability and electrochem-
ical catalytic activity as metals, so it can act as a good interface for
electrochemical redox reactions [27–31]. In this case, corrosion
cells can be formed on PPy surfaces in electrolyte media, just like
their formation on metals. If so, apart from the chemical action be-
tween PPy and media it may also suffer electrochemical corrosion.
However, few studies involve this area.

According to our previous work [32,33], high concentrations of
supporting electrolyte and low temperatures retard the corrosion
of PPy in alkaline solutions. Dissolved oxygen (DO) can be reduced
on PPy film, and high concentrations of DO accelerate PPy corro-
sion. At positive potentials vs. open circuit potential (OCP) the
corrosion of PPy is promoted, while the corrosion of PPy is inhib-
ited at negative potentials (vs. OCP). These features are quite sim-
ilar to those experienced by metals in electrolyte solutions, which
suggest that electrochemical processes may play an important role
in the corrosion of PPy. However, we still do not know how corro-
sion cells are formed and maintained on the PPy in a free corrosion
state, and also do not know their effects on the corrosion of PPy.
Further research is still needed to verify the electrochemical
mechanism in the corrosion of PPy.

In order to find what kinds of corrosion cells can be formed and
sustained on PPy films, some galvanic couples, which were
constructed with PPy film electrodes to simulate possibly formed
corrosion cells on PPy, were studied using electrochemical
methods. The effects of these galvanic couples on the conductivity
and chemical components of the PPy electrodes were also
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investigated using four probe conductivity test method and XPS
analysis. A scanning electrochemical probe method was used to
measure the change of potential distribution on PPy films to fur-
ther verify the formation of corrosion cells on PPy films. The results
will be helpful to make clear the electrochemical mechanism in the
corrosion of PPy.
2. Experimental

Pyrrole (Py, SAFC�, 98+ %) used for the synthesis of PPy was dis-
tilled and kept refrigerated in the dark before use. Other reagents
and chemicals were analytical grade and used as received. Solu-
tions were prepared with deionized water, and all experiments
were carried out at 25 ± 0.5 �C controlled with a water bath unless
otherwise indicated. The pH of electrolytes was adjusted with 1 M
HCl or NaOH solutions. All electrochemical tests were performed
using a CS350 electrochemical workstation.
m.

2.1. Electro-polymerization of PPy

A conventional three-electrode system in a single compartment
cell was used to synthesise PPy films. The counter and reference
electrodes were a large Pt foil and a saturated calomel electrode
(SCE), respectively. A super 13Cr stainless steel plate was used as
the working electrode with the chemical composition (wt.%):
C 0.01, Si 0.23, Mn 0.42, Cr 12.0, Ni 5.4, Mo 1.9, P 0.014, S 0.001,
V 0.06, Ti 0.09 and Fe for the balance. It was sealed by epoxy resins
with 3.6 cm2 of working area, gradually ground using silicon car-
bide paper up to 5000 grit and rinsed using ethanol and distilled
water. Electro-polymerization of PPy film was performed at
750 mV (vs. SCE) in 0.1 M pyrrole aqueous solutions containing
0.1 M sodium p-toluenesulfonate (NapTS) supporting electrolyte
and which had been deaerated by bubbling pure N2 gas for
20 min before synthesis. The polymerization charge density was
4.0 C cm�2. After the electro-polymerization, a black, smooth and
uniform PPy/pTS film with metallic lustre was obtained on the
stainless steel plate.
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2.2. Preparation of the PPy electrode with glass substrate (glass//PPy/
pTS electrode)

In order to eliminate the influence of the metal substrate on the
electrochemical behaviour of PPy, a glass substrate was used to
prepare the glass//PPy/pTS electrode, as shown in Fig. 1. The PPy/
pTS film formed on the stainless steel substrate was carefully re-
moved and cut to small pieces with a blade. A small piece of the
PPy/pTS film was fixed on an insulated glass slide with an inert
double faced adhesive tape. Then, a copper wire was connected
to one end of the PPy film with the silver conductive adhesive,
where the total connection resistance was less than 0.5 X. At last,
the electric connection area was sealed with the silastic adhesive
to form a working area (0.5 cm2).
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Fig. 1. Schematic of the glass//PPy electrode.
2.3. Tests in galvanic couples

Fig. 2 shows the schematic of the galvanic cells that was spe-
cially designed for this work. Table 1 lists the detailed conditions
in the galvanic cells. The working and reference electrodes were
two glass//PPy/pTS electrodes and a SCE, respectively. The galvanic
current and potential were measured simultaneously with the
CS350 electrochemical workstation which includes a zero-resis-
tance ammeter (ZRA) for the galvanic current measurement. Under
an open circuit state, the change of the open circuit potential (EOCP)
of each PPy electrode as a function of time was measured
respectively in the corresponding galvanic cell.
2.4. Electrical conductivity (r) measurement

The PPy films tested in the galvanic couples were cleaned in
distilled water and then dried in a vacuum-desiccator for more
than 12 h before the electrical conductivity measurement. The
direct current (DC) conductivity in the PPy film was determined
with a typical four probe method. A ST2253 digital four probe
conductivity tester was employed for the electrical conductivity
measurement with a linear 2 mm spacing arrangement of four
tungsten carbide probes that contact with a tip diameter of
0.5 mm and elastic modified length. A special device allows the
probes to settle vertically on the PPy film surface and press until
a stable reading is obtained. The thickness of the PPy film was
determined accurately using a digimatic outside micrometer with
a resolution of 1 lm.co
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2.5. XPS analysis

XPS analysis was performed using a commercial VG Multilab
2000 system in order to find the changes of chemical structure
and component in the PPy films tested in the galvanic couples.
The base pressure in the experimental chamber was below 10�9 -
mbar range. The spectra were measured using Al Ka (1486.6 eV)
radiation, and the overall energy resolution was 0.45 eV. The sur-
face charging effect during measurements was compensated by ref-
erencing the binding energy to the C 1s line of residual carbon at
284.6 eV. The N 1s level spectral decomposition was analyzed using
background subtraction and a least-squares fitting programme.
Fig. 2. Schematic of the designed galvanic cell.



Table 1
Detailed conditions in the galvanic cells.

A cell B cell

(1) PPy Polarised at �0.6 V (vs. SCE) for 10 min Polarised at 0.6 V (vs. SCE) for 10 min
[NaCl] 0.1 M 0.1 M
pH 7 7
DO Deaerated with N2 Deaerated with N2

(2) PPy Freshly-made PPy film Freshly-made PPy film
[NaCl] 0.1 M 0.1 M
pH 7 7
DO Deaerated with N2 Aerated with O2

(3) PPy Freshly-made PPy film Freshly-made PPy film
[NaCl] 0.1 M 0.1 M
pH 9 2
DO Deaerated with N2 Deaerated with N2

(4) PPy Freshly-made PPy film Freshly-made PPy film
[NaCl] 1.0 M 0.1 M
pH 7 7
DO Deaerated with N2 Deaerated with N2
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2.6. Potential distribution measurement with a scanning
electrochemical probe system

The potential distribution of a PPy film in aerated 0.1 M NaCl
solutions was measured with a XMU-BY-1 scanning electrochemi-
cal workstation system (made by Xiamen University, China). The
scanning microprobe system with an electrochemical cell is shown
schematically in Fig. 3 [34]. The two micro-reference probes, i.e. B
and C in Fig. 3, were made of platinum (Pt)/iridium (Ir) (10%) wires
(U 0.10 mm), whose tips were etched in 2 M NaOH with an alter-
nating current to provide a tip diameter of 5 lm. Movement of
the micro-reference probe (C in Fig. 3) over the specimen surface
was driven by two stepper motors controlled by a microcomputer,
while measurements and data processing were performed by a
self-compiled program, as described in Ref. [34].

The distance between the scanning micro-reference probe tip
and the specimen surface was controlled accurately by a high-res-
olution piezoelectric stack/tube in the scanning tunneling
microscope (STM) mode. Before the electrolyte was added into
the electrochemical cell, the scanning probe was automatically
brought to the PPy surface until the tunneling current was sensed,
which indicates that the distance between the probe tip and the
specimen surface is within a few nanometers. Then the scanning
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Fig. 3. Schematic of the scanning probe s
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probe was accurately moved away 20 lm from the testing surface
in order to minimize the possible scanning disturbance in the solu-
tion near the specimen surface.

All the measurements were carried out in a free corrosion state
at room temperature (25 ± 2 �C). The potential distribution on the
PPy surface in an area of 1 mm � 1 mm (256 � 256 points) was
measured for about 20 min and presented as topographical 3D
images. om
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3. Results

3.1. PPy redox state difference cell

As shown in Fig. 2, the PPy electrode in the cell A was polarised
at �0.6 V vs. SCE for 10 min in deaerated 0.1 M NaCl to make it in a
reduced state, while another PPy electrode in the cell B was polar-
ised at 0.6 V vs. SCE for 10 min in deaerated 0.1 M NaCl to make it
in an oxidized state. In this case, a PPy redox state difference cell
was formed with the two PPy electrodes in different redox states.

Fig. 4 presents the changes of the galvanic current density
(Icouple) and galvanic potential (Ecouple) as a function of time (t)
(Icouple-t and Ecouple-t curves) in this PPy redox state difference cell.
The changes of the EOCP values of the two PPy electrodes as a
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ystem with the electrochemical cell.
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Fig. 4. (a) Icouple-t , (b) Ecouple-t and EOCP-t curves in the galvanic couple formed with PPy films in different redox states (deaerated 0.1 M NaCl, pH = 7, at 25 �C).
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function of time (EOCP-t curves) are also presented in Fig. 4(b) to
shows their potential difference at the beginning of coupling and
the approximate polarisation extent of each PPy electrode during
the coupling period. As shown in Fig. 4(a), Icouple decreases quickly
in the early period of coupling and then gradually reduces to
around 0 lA cm�2 after about 5 h, suggesting that this kind of gal-
vanic couple cannot be sustained for a long time. In Fig. 4(b), Ecouple

changes slightly during the whole coupling period, while the EOCP

values of the two PPy electrodes change slowly to approach each
other. The potential difference between the two PPy electrodes is
more than 1.0 V before they are coupled, which results in a large
Icouple in the early period of coupling. With an increase in the cou-
pling time (tcouple), the polarisation extent of each PPy electrode
decreases largely, suggesting that the redox state difference
between the two PPy electrodes is quickly eliminated with the
polarisation effect. This makes Icouple decrease and gradually
disappear.
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3.2. Oxygen concentration difference cell

As shown in Fig. 2, two identical PPy film electrodes were
placed respectively in the cell A and cell B (with 0.1 M NaCl,
pH = 7). The two cells were firstly deaerated by bubbling N2, while
the Icouple resulting from the slight redox state difference between
the two PPy electrodes decreased quickly to near 0 lA cm�2. Then
the cell B was aerated by continuously bubbling O2, leaving the cell
A deaerated by continuously bubbling N2. In this case, an oxygen
concentration difference cell was formed.

Fig. 5 presents the Icouple-t and Ecouple-t curves of the oxygen
concentration difference cell. The EOCP-t curve of each PPy elec-
trode in the cell A and B is also presented respectively in
Fig. 5(b). As shown in Fig. 5(a), Icouple increases immediately as
soon as O2 is bubbled in the cell B and then gradually decreases
to a relatively stable value (about 1.0 lA cm�2 for 19 h). The direc-
tion of Icouple and the EOCP values in Fig. 5(b) indicate that the PPy
electrode in the aerated solution acts as a cathode, while that in
the deaerated solution acts as an anode. About 20 h later, as N2 is
bubbled again in the cell B, Icouple decreases to near 0 lA cm�2

within 1 h, suggesting that the oxygen concentration difference
plays a key role in the formation of this galvanic couple. The Icouple-
t curve of a test for 100 h, as shown in the inset of Fig. 5(a), further
proves that the oxygen concentration difference cell can be sus-
tained on PPy films.
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In Fig. 5(b), the EOCP of the PPy electrode in the aerated solution

increases in the beginning period with O2 bubbling, resulting in the
rapid increase in Icouple, and then, gradually reaches a relatively sta-
ble value. However, the EOCP of the PPy electrode in the deaerated
solution decreases largely with time, which may result in the de-
crease in Ecouple. This result will be discussed later.

Fig. 6 shows the changes in electrical conductivity (r) with time
for the PPy anode and cathode in the oxygen concentration differ-
ence cell (ro-anode and ro-cathode) and those just immersed in the
corresponding deaerated and aerated 0.1 M NaCl under free corro-
sion conditions (rdeareated and rareated). The electrical conductivity
of the newly prepared PPy film (r0) is also given in Fig. 6 for com-
parison. It is seen that ro-anode increases when tcouple = 20 h com-
pared with r0, resulting from the oxidation of the PPy film under
anodic polarisation. When tcouple increases to 40 h and 75 h,
ro-anode decreases obviously. This should be attributed to the break
of PPy conjugated structure after a longtime anodic polarisation
[33]. In addition, rdeareated decreases more slowly with time
(t > 20 h) compared with ro-anode. Obviously, the longtime anodic
polarisation (t > 20 h) with a small anodic current density still
accelerates the corrosion of PPy. In the oxygen concentration dif-
ference cell, ro-cathode decreases largely with tcouple, resulting from
the reduction of the PPy film under cathodic polarisation. Appar-
ently, the large decrease in ro-cathode will increase the total resis-
tance in the oxygen concentration difference cell and lead to the
decrease of Icouple. Similarly, rareated decreases much more slowly
with time compared with ro-cathode, indicating that cathodic polar-
isation accelerates the loss of the conductivity of PPy. It should be
noted that rdeareated decreases more slowly with the immersed
time than rareated, suggesting that DO plays an important role in
the corrosion of PPy [32].

Fig. 7 presents the high resolution XPS spectra of N 1s for the
PPy anode and cathode in the oxygen concentration difference cell
for 75 h and those just immersed in the corresponding solutions for
the same time under free corrosion conditions. The XPS N 1s spec-
tra can be deconvoluted into three components [32,35–38]: a Nd+

that is due to polarons or bipolarons, a ANHA that is the character-
istic of pyrrolylium nitrogen, and a @NA resulting from deprotona-
tion during corrosion. Thus, the ratio of each component’s content
to the total N content (NTotal) can be calculated from the XPS N 1s
spectra. Table 2 gives the values of Nd+/NTotal and @NA/NTotal for
different PPy films obtained from Fig. 7. It is seen that in deaerated
0.1 M NaCl the @NA/NTotal ratio of the PPy anode (0.055) is larger
than that of the PPy film just corroded under the free corrosion
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Fig. 5. (a) Icouple-t, (b) Ecouple-t and EOCP-t curves in the oxygen concentration difference cell (aerated and deaerated 0.1 M NaCl, pH = 7, at 25 �C. Inset is the Icouple-t curve of a
test for 100 h).

Fig. 6. Changes in electrical conductivity (r) with time for (a) a PPy anode in the
oxygen concentration difference cell in deaerated 0.1 M NaCl (ro-anode), (b) a PPy
film immersed in deaerated 0.1 M NaCl (rdeareated), (c) a PPy cathode in the oxygen
concentration difference cell in aerated 0.1 M NaCl (ro-cathode) and (d) a PPy film
immersed in aerated 0.1 M NaCl (rareated).
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condition (0.034). This result indicates that the anodic polarisation
accelerates the corrosion of the PPy anode and makes more PPy
chains lose their conjugated structure. In this case, even though
the anodic polarisation makes the Nd+/NTotal ratio for the PPy anode
increase (Nd+/NTotal ratio rises from 0.173 to 0.283), the conductiv-
ity of the PPy anode still decreases obviously as shown in Fig. 6.

In aerated 0.1 M NaCl, the @NA/NTotal ratio of the PPy film just
corroded under the free corrosion condition (0.150) increases obvi-
ously compared with that in deaerated 0.1 M NaCl (0.034), which
indicates that the free corrosion of PPy in aerated 0.1 M NaCl is
much severer than that in deaerated 0.1 M NaCl. In the oxygen con-
centration difference cell, the @NA/NTotal ratio of the PPy cathode
decreases to 0.115, suggesting that the cathodic polarisation de-
presses the corrosion of the PPy cathode to some extent [33].
Meanwhile, the Nd+/NTotal ratio of the PPy cathode (0.114) becomes
smaller than that of the PPy film just corroded under the free cor-
rosion condition (0.143). This is due to the reduction of the PPy
cathode under cathodic polarisation. Apparently, the severe free
corrosion and the reduction effect under cathodic polarisation
make the PPy cathode lose its conductivity seriously, as shown in
Fig. 6.
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3.3. H+ ion concentration difference cell

As shown in Fig. 2, two identical PPy film electrodes were
placed respectively in the cell A (with deaerated 0.1 M NaCl,
pH = 9) and the cell B (with deaerated 0.1 M NaCl, pH = 2) to form
the H+ ion concentration difference cell.

Fig. 8 gives the Icouple-t and Ecouple-t curves of the H+ ion concen-
tration difference cell. The EOCP-t curve of each PPy electrode in the
cell A and B is also presented respectively in Fig. 8(b). As shown in
Fig. 8(a), after a quick decrease in the early period of coupling,
Icouple gradually reaches a relatively stable value within 1 h and still
maintains around 0.4 lA cm�2 when tcouple = 20 h, indicating that
the H+ ion concentration difference cell can be sustained on PPy
films. The direction of Icouple and the EOCP values in Fig. 8(b)
indicates that the PPy film electrode in the cell B (pH = 2) acts as
a cathode and that in the cell A (pH = 9) acts as an anode.

In Fig. 8(b), the EOCP of the PPy film electrode in the cell B
(pH = 2) is more positive than that in the cell A (pH = 9). Both of
the EOCP firstly decreases with time and gradually reaches rela-
tively stable in the same way, which may lead to the change in
the Ecouple with time.

Fig. 9 shows the electrical conductivity values for the PPy anode
and cathode in the H+ ion concentration difference cell for 40 h
(rpH-anode and rpH-cathode) and those just immersed in the corre-
sponding solutions for the same time under free corrosion condi-
tions (rpH=2 and rpH=9). It is seen that rpH-anode and rpH=9 all
decrease largely compared with r0 (see Fig. 6), which is due to
the severe corrosion of PPy in alkaline solutions (pH = 9) [32]. In
addition, rpH-anode is larger than rpH=9, owing to the oxidation ef-
fect from the slight anodic polarisation, which is consistent with
the result at 20 h in Fig. 6. However, rpH=2 becomes larger than
r0, and rpH-cathode decreases slightly compared with rpH=2. The
increase in rpH=2 is due to the doping of H+ ions to PPy in acid solu-
tions (pH = 2) [39], while the slight decrease in rpH-cathode should
result from the reduction effect of the slight cathodic polarisation.

Fig. 10 presents the high resolution XPS spectra of N 1s for the
PPy anode and cathode in the H+ ion concentration difference cell
for 40 h and those just immersed in the corresponding solutions for
the same time under free corrosion conditions, where Table 3 gives
the values of Nd+/NTotal and @NA/NTotal for the different PPy films
obtained from Fig. 10. It is seen that in the alkaline deaerated
0.1 M NaCl (pH = 9) the two @NA/NTotal ratios are close to each
other (@NA/NTotal ratio = 0.065 and 0.067, respectively) and much
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Fig. 7. XPS high resolution spectra of N 1s for (a) a PPy film immersed in deaerated 0.1 M NaCl for 75 h, (b) a PPy anode in the oxygen concentration difference cell in
deaerated 0.1 M NaCl for 75 h, (c) a PPy film immersed in aerated 0.1 M NaCl for 75 h and (d) a PPy cathode in the oxygen concentration difference cell in aerated 0.1 M NaCl
for 75 h.
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larger than those in the acid solution (pH = 2) (@NA/NTotal

ratio = 0.016 and 0.013, respectively). These results indicate that
the PPy corrosion in the alkaline solution is much severer than that
in the acid solution and the anodic polarisation does not accelerate
the corrosion of the PPy anode obviously. However, the Nd+/NTotal

ratio of the PPy anode (0.168) increases obviously compared with
that of the PPy film corroded under the free corrosion condition
(0.122). This should result from the oxidation effect of the anodic
current and lead to the increase in rpH-anode (see Fig. 9).

In the acid deaerated 0.1 M NaCl (pH = 2), the two approximate
@NA/NTotal ratios (see Table 3) demonstrate that the cathodic
polarisation does not inhibit the corrosion of the PPy cathode.
However, the Nd+/NTotal ratio of the PPy cathode (0.186) decreases
obviously compared with that of the PPy film just corroded under
the free corrosion condition (0.317). Apparently, this should be due
to the reduction effect of the cathodic current and lead to the
decrease in rpH-cathode (see Fig. 9).

3.4. Electrolyte (NaCl) concentration difference cell

As shown in Fig. 2, two identical PPy film electrodes were
placed respectively in the cell A (with deaerated 1.0 M NaCl,
pH = 7) and the cell B (with deaerated 0.1 M NaCl, pH = 7) to form
the electrolyte (NaCl) concentration difference cell.

www
 Fig. 11 shows the Icouple-t and Ecouple-t curves of the electrolyte
concentration difference cell. The EOCP-t curve of each PPy
electrode in the cell A and B is also presented respectively in
Fig. 11(b). As shown in Fig. 11(a), Icouple decreases quickly after
coupling and still maintains a smaller value of around
0.15 lA cm�2 when tcouple = 20 h, indicating that the electrolyte
concentration difference cell can also be sustained on PPy films.
The direction of Icouple and the EOCP values in Fig. 11(b) indicate that
the PPy film electrode in the cell A (1.0 M NaCl) acts as an anode
and that in the cell B (0.1 M NaCl) acts as a cathode.

In Fig. 11(b), the EOCP of the PPy film electrode in the cell A
(1.0 M NaCl) is more negative than that in the cell B (0.1 M NaCl).
Both of the EOCP gradually decreases with time in the same way and
may reach relatively stable after longer time conditioning, which
may lead to the decrease in the Ecouple with time.

Fig. 12 shows the electrical conductivity of the PPy anode and
cathode in the electrolyte concentration difference cell for 40 h
(rE-anode and rE-cathode) and those just immersed in the correspond-
ing solutions for the same time under free corrosion conditions
(r1M and r0.1M). It can be seen that rE-anode and r1M are smaller
than rE-cathode and r0.1M, suggesting that the corrosion of PPy in
the deaerated 1.0 M NaCl may be severer than that in the deaer-
ated 0.1 M NaCl. In addition, rE-anode becomes larger than r1M

because of the oxidation effect from anodic polarisation, while



Table 2
Ratios of Nd+/NTotal and @NA/NTotal obtained by quantitative analysis of XPS spectra for different PPy films in Fig. 7.

Samples PPy film immersed in deaerated
0.1 M NaCl for 75 h

PPy anode in deaerated
0.1 M NaCl for 75 h

PPy film immersed in aerated
0.1 M NaCl for 75 h

PPy cathode in aerated
0.1 M NaCl for 75 h

Nd+/NTotal 0.173 0.283 0.143 0.114
@NA/NTotal 0.034 0.055 0.150 0.115

Fig. 8. (a) Icouple-t, (b) Ecouple-t and EOCP-t curves in the H+ ion concentration difference cell (deaerated 0.1 M NaCl, pH = 2 and 9, at 25 �C).

Fig. 9. Electrical conductivity (r) for (a) a PPy cathode in the H+ ion concentration
difference cell in deaerated 0.1 M NaCl with pH = 2 (rpH-cathode) for 40 h, (b) a PPy
film just immersed in deaerated 0.1 M NaCl with pH = 2 (rpH=2) for 40 h, (c) a PPy
anode in the H+ ion concentration difference cell in deaerated 0.1 M NaCl with
pH = 9 (rpH-anode) for 40 h and (d) a PPy film just immersed in deaerated 0.1 M NaCl
with pH = 9 (rpH=9) for 40 h.
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rE-cathode decreases slightly compared with r0.1M owing to the
reduction effect of cathodic polarisation.

Fig. 13 presents the high resolution XPS spectra of N 1s of the
PPy anode and cathode in the electrolyte (NaCl) concentration dif-
ference cell for 40 h and those just immersed in the corresponding
solutions for the same time under free corrosion conditions, where
Table 4 gives the values of Nd+/NTotal and @NA/NTotal for the
different PPy films obtained from Fig. 13. It is seen that in the
deaerated 1.0 M NaCl the two @NA/NTotal ratios are close to each
other (@NA/NTotal ratio = 0.032 and 0.033, respectively) and larger
than those in the deaerated 0.1 M NaCl (@NA/NTotal ratio = 0.021
and 0.019, respectively). These results indicate that the corrosion
of PPy in the deaerated 1.0 M NaCl is severer than that in the deaer-
ated 0.1 M NaCl and the anodic and cathodic polarisations have no
obvious effects on the corrosion of PPy in the electrolyte (NaCl)
concentration difference cell. However, the Nd+/NTotal ratios for
the PPy anode and PPy cathode are still affected obviously, result-
ing in the increase in rE-anode and decrease in rE-cathode (see Fig. 12).
These results are consistent with those in the H+ ion concentration
difference cell.

m

4. Discussion

4.1. Factors affecting the EOCP of a PPy film

The results in Figs. 4(b), 5(b), 8(b) and 11(b) indicate that the
EOCP of a PPy film electrode is related with its polarisation state
and the concentrations of DO, H+ ions and supporting electrolyte.
It should be noted that it takes a relatively longer time for the EOCP

to reach stable in Figs. 5(b), 8(b) and 11(b). This may be mainly due
to the higher electro-polymerisation potential (0.750 VSCE), which
results in a more positive initial EOCP of the newly prepared PPy
film (around 0.150–0.200 VSCE). This may be seen as a depolarisa-
tion effect that can be similarly indicated by the results in
Fig. 4(b). In addition, the response of the PPy film to the test media
(such as DO, H+ ions and supporting electrolyte) and the corrosion
of PPy in the test media may also influence the stable EOCP.

According to Refs. [40–44], the EOCP of a PPy film in the electro-
lyte solutions can be described with a model equation, as shown in
Eq. (1):

EOCP ¼ E0 þ RT
F

ln
½Polynþ�
½Poly� þ DuD ð1Þ

where E0 is the standard potential of the redox system, [Polyn+] and
[Poly] are concentrations of oxidized and reduced forms of PPy,



Fig. 10. XPS high resolution spectra of N 1s for (a) a PPy film just immersed in deaerated 0.1 M NaCl with pH = 9 for 40 h, (b) a PPy anode in the H+ ion concentration
difference cell in deaerated 0.1 M NaCl with pH = 9 for 40 h, (c) a PPy film just immersed in deaerated 0.1 M NaCl with pH = 2 for 40 h, and (d) a PPy cathode in the H+ ion
concentration difference cell in deaerated 0.1 M NaCl with pH = 2 for 40 h.

K. Qi et al. / Corrosion Science 80 (2014) 318–330 325

.sp
m.co

m.cn

respectively, R is the standard gas constant, T is the temperature, F
is the Faraday constant, and DuD is the Donnan potential on the
polymer/solution interface. In aqueous electrolyte, the spontaneous
charging/discharging processes on PPy affect its potential by chang-
ing [Polyn+]/[Poly] ratio according to Eq. (1). At a stable potential,
the rates of charging and discharging processes are equal, and there
is [41]:

kox½O2�½Hþ�
p½Poly� ¼ kred½Polynþ� ð2Þ

where kox and kred are rate constants of polymer oxidation and
reduction, respectively, [O2] and [H+] are concentrations of DO
and H+ ions, respectively, p is the reaction order. So, from Eq. (2)
there is:

½Polynþ�
½Poly� ¼

kox

kred
½O2�½Hþ�

p ð3Þ

In addition, DuD for PPy is described by the following Eq. (4)
[45]:

DuD ¼
RT
F

ln
X
2c
þ 1þ X

2c

� �2
" #1

2

8<
:

9=
; ð4Þ

where X is the concentration of ion-exchange sites in the polymer
and c is the concentration of supporting electrolytes.

www
 Based on Eqs. (1), (3), and (4), there is:

EOCP ¼ E0 þ RT
F

ln
kox

kred
½O2�½Hþ�

p
� �

þ RT
F

� ln
X
2c
þ 1þ X

2c

� �2
" #1

2

8<
:

9=
; ð5Þ

It is seen that at a certain temperature the stable EOCP of a PPy
film is related to the concentrations of dissolved oxygen ([O2]),
H+ ions ([H+]) and supporting electrolyte (c).

According to Eq. (5), a PPy film in acid solutions (with higher
[H+]) has more positive EOCP. This may be owing to the higher dop-
ing level of H+ ions for the PPy film in the acid solutions because
one kind of doping site on PPy chains is related to a protonated
Py unit [46]. In this case, the PPy film maintains a higher oxidation
state. The influence of the concentration of supporting electrolyte
(c) is apparently attributed to the change of DuD, while the effect
of DO should be attributed to the redox couple of O2/OH� on the
PPy film [32,33,41]. From the qualitative point of view, Eq. (5)
can explain the effects of [O2], [H+] and c on the stable EOCP of
the PPy film, which is verified with the results in Figs. 5(b), 8(b)
and 11(b).

However, because of the corrosion of PPy, the redox state of PPy
is changing with time and difficult to reach stable. In this case,



Table 3
Ratios of Nd+/NTotal and @NA/NTotal obtained by quantitative analysis of XPS spectra for different PPy films in Fig. 10.

Samples PPy film immersed in deaerated
0.1 M NaCl with pH = 9 for 40 h

PPy anode in deaerated 0.1 M
NaCl with pH = 9 for 40 h

PPy film immersed in deaerated
0.1 M NaCl with pH = 2 for 40 h

PPy cathode in deaerated 0.1 M
NaCl with pH = 2 for 40 h

Ndþ=NTotal 0.122 0.168 0.317 0.186

@NA/NTotal 0.065 0.067 0.013 0.016

Fig. 11. (a) Icouple-t, (b) Ecouple-t and EOCP-t curves in the electrolyte concentration difference cell (deaerated 1.0 M and 0.1 M NaCl, pH = 7, at 25 �C).

Fig. 12. Electrical conductivity (r) for (a) a PPy anode in the electrolyte concen-
tration difference cell in deaerated 1.0 M NaCl for 40 h (rE-anode), (b) a PPy film just
immersed in deaerated 1.0 M NaCl for 40 h (r1M), (c) a PPy cathode in the
electrolyte concentration difference cell in deaerated 0.1 M NaCl for 40 h (rE-cathode)
and (d) a PPy film just immersed in deaerated 0.1 M NaCl for 40 h (r0.1M).

326 K. Qi et al. / Corrosion Science 80 (2014) 318–330

www.sp
.co

m.cn
large deviation will occur in Eq. (5). In addition, it is possible to
form corrosion cells on PPy films, just liking those on metals and,
therefore, the stable EOCP is also determined by the anodic and
cathodic processes on the PPy film, which is similar to the Ecouple

in Figs. 4(b), 5(b), 8(b) and 11(b).

4.2. Formation of galvanic cells on PPy films

For a freshly electro-polymerised PPy film, its redox state or the
doping ratio cannot be completely uniform, i.e. there is different
ratios of [Polyn+]/[Poly] at different locations of the PPy film, which
results in different potentials according to Eq. (1). So the PPy redox
state difference cell will occur on the PPy film. However, as shown
in Fig. 4(a), this galvanic cell cannot be sustained for a long time.
Apart from the polarisation effect, the spontaneous oxidation of re-
duced PPy and discharge of oxidized PPy [41] will also gradually
eliminate the redox state difference on the PPy film. So, this kind
of the corrosion cell just occurs in the initial corrosion period (such
as 5 h) for a newly made PPy film.

In addition, the porous structure of a PPy film is also not uni-
form and, therefore, its density (porosity, thickness, etc.) in differ-
ent locations will not be identical. In this case, a nonuniform
distribution of molecules (e.g. O2) and other ions (H+, Na+, Cl�,
OH�, etc.) can be assumed in the PPy membrane [41]. Fig. 14 shows
the schematic of the nonuniform distribution of molecules and
ions in a PPy film. Apparently, the concentrations of various mole-
cules and ions near the PPy outer surface are the highest, while
those in the PPy film, especially in the more compact PPy area,
are lower because those molecules and ions diffuse to the inner
film with difficulty. So the oxygen concentration difference cell,
the H+ ion concentration difference cell and the electrolyte (NaCl)
concentration difference cell can occur on PPy films.

For the oxygen concentration difference cell formed on PPy
films, the anodic and cathodic reactions can be expressed as:

Anodic reaction : PPynþ=npTS� þ xCl�¢PPyðnþxÞþ=npTS�xCl� þ xe�

ð6Þ

Cathodic reaction : O2 þ 2H2Oþ 4e� ! 4OH� ð7Þ

PPynþ=npTS� þ ye� þ yNaþ¢ PPyðn�yÞþ=npTS�yNaþðy < xÞ ð8Þ

where the arrow ‘‘ ¢ ’’ means that PPy has the spontaneous charg-
ing/discharging tendency to recover partly after anodic or cathodic
polarisation.

The main cathodic process is the reduction of dissolved oxygen
on the PPy film. However, because the electron flows through PPy

m



Fig. 13. XPS high resolution spectra of N 1s for (a) a PPy film just immersed in deaerated 1.0 M NaCl for 40 h, (b) a PPy anode in the electrolyte concentration difference cell in
deaerated 1.0 M NaCl for 40 h, (c) a PPy film just immersed in deaerated 0.1 M NaCl for 40 h and (d) a PPy cathode in the electrolyte concentration difference cell in deaerated
0.1 M NaCl for 40 h.

Table 4
Ratios of Nd+/NTotal and @NA/NTotal obtained by quantitative analysis of XPS spectra for different PPy films in Fig. 13.

Samples PPy film immersed in deaerated
1.0 M NaCl for 40 h

PPy anode in deaerated
1.0 M NaCl for 40 h

PPy film immersed in deaerated
0.1 M NaCl for 40 h

PPy cathode in deaerated
0.1 M NaCl for 40 h

Ndþ=NTotal 0.133 0.161 0.190 0.125

@NA/NTotal 0.033 0.032 0.021 0.019
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chains, the reduction of PPy cathode also occurs to some extent,
including the decrease of the positive charge in the polymeric
lattice and incorporation of cations (Na+). The reduction effect will
weaken the attack of OH� ions generated from Eq. (7), owing to the
less positive charge sites, so as to depress the corrosion of PPy cath-
ode. This effect will also decrease the conductivity of PPy cathode.
However, the OH� ions may diffuse to the neighbouring area and
attack the PPy chains to break their conjugated structures [33],
which will create severe corrosion.

The anodic process is the oxidation of PPy including the creation
of more positive charge in the polymer and incorporation of anions
(Cl�), as shown in Eq. (6). However, under the continuous anodic
polarization, chlorine substitution occurs at the b-position of the
pyrrole ring owing to the nucleophilic property of Cl� ions. Then
the hydrolysis occurs to make CACl substituted by hydroxides
CAOH, and finally the hydroxylation of PPy forms carbonyl groups
to break the conjugated structure of PPy chains [33,47,48].

w
 Therefore, the corrosion of PPy anode is accelerated. Fig. 15 pre-
sents the high resolution XPS spectra of Cl 2p and O 1s for a PPy
anode of the oxygen concentration difference cell in deaerated
0.1 M NaCl for 75 h, which further prove the existence of CACl
and CAOH bonds in the PPy chains.

For the H+ ion concentration difference cell formed on PPy films,
the anodic and cathodic reactions can be expressed as:

Anodic reaction : PPyðnþgÞþ=npTS�gCl� þ xCl�

¢ PPyðnþgþxÞþ=npTS�ðg þ xÞCl� þ xe� ð9Þ
Cathodic reaction : PPyðnþjÞþ=npTS�jCl� þ xe�

¢ PPyðnþj�xÞþ=npTS�ðj� xÞCl� þ xCl� ð10Þ

where g and j (0 6 g < j) represent the protonic acid doping level of
H+ ions.



Fig. 14. Schematic of the nonuniform distribution of molecules and ions in a PPy
film.
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When the H+ ion concentration difference cell is formed on PPy
films, the PPy anode and cathode polarises with each other and
their potential difference decreases to lower the galvanic current.
If the potential difference disappears, the galvanic current should
decrease to zero, just like that in the PPy redox state difference cell.
However, it maintains a small stable value, as shown in Fig. 8(a).
This should be related to spontaneous charging and discharging
processes on PPy films. For example, the PPy cathode in a reduced
state has the spontaneous tendency of charging-oxidation-redop-
ing, which will gradually increase (n + j � x) to (n + j) again (see
Eq. (10)) and make the PPy cathode depolarised to some extent,
while the PPy anode in an oxidized state has the spontaneous
tendency of discharging-reduction-dedoping, which will gradually
decrease (n + g + x) to (n + g) again (see Eq. (9)) and impede the
anodic polarisation of PPy anode. In this case, the potential differ-
ence between the PPy cathode and anode cannot be eliminated un-
less the pH difference disappears, so a steady-state galvanic
current remains from the dedoping-redoping dynamic equilibrium
process between the PPy anode and cathode. However, the gain
and loss of electron just occur in the PPy itself and the galvanic
current density is too small, so the galvanic current has no obvious
effects on the corrosion of PPy (see Table 3).

For the electrolyte (NaCl) concentration difference cell formed
on PPy films, the anodic and cathodic reactions can be expressed
as:

Anodic reaction : PPynþ=npTS� þ xCl�¢PPyðnþxÞþ=npTS�xCl� þ xe�

ð11Þw.sp
Fig. 15. XPS high resolution spectra of (a) Cl 2p and (b) O 1s for a PPy anode of

ww
Cathodic reaction : PPynþ=npTS� þ xe� þ xNaþ

¢ PPyðn�xÞþ=npTS�xNaþ ð12Þ

where the PPy anode has a lower DuD1, while the PPy cathode has a
higher DuD2.

Being similar to the H+ ion concentration difference cell, in the
electrolyte (NaCl) concentration difference cell, the PPy anode in an
oxidized state has the spontaneous tendency of discharging-reduc-
tion-dedoping, which will decrease (n + x) (see Eq. (11)); while the
PPy cathode in a reduced state has the spontaneous tendency of
charging-oxidation-redoping, which will increase (n � x) (see Eq.
(12)). In this case, both of the PPy anode and cathode are depolar-
ised to some extent so that the potential difference between them
cannot be eliminated unless the electrolyte (NaCl) concentration
difference disappears. This dedoping-redoping dynamic equilib-
rium process between the PPy anode and cathode causes a
steady-state galvanic current, which also has no obvious effects
on the corrosion of PPy (see Table 4).

n

4.3. The potential distribution on the PPy film surface

Fig. 16 shows the potential distribution on the same area
(1 mm � 1 mm) of a PPy film surface immersed in aerated 0.1 M
NaCl for different time (0–44 h), which was measured with a
XMU-BY-1 scanning electrochemical workstation system. It is seen
that the potentials on different locations of the measuring area are
not same at first and gradually become uniform after 6 h of immer-
sion, as shown in Fig. 16(a–d). However, after 20 h of immersion
the potential distribution becomes nonuniform again and gradu-
ally develops with the increase in the immersion time, as shown
in Figs. 16(e–h). The maximum potential difference in the test sur-
face reaches 20 mV. This result proves that the potential difference
occurs on the PPy film and can be maintained for a long time. In
this case, corrosion cells can be formed on the PPy film.

In the initial immersion period (0–6 h), the change of the poten-
tial distribution may be due to the redox state difference on the
PPy film. In this period, the PPy redox state difference cell occurs
firstly on the PPy film and then gradually disappears, displaying
a uniform potential distribution, as shown in Fig. 16(d). With an
increase in the immersion time to more than 6 h, the molecules
and ions (H2O, O2, Na+, Cl�, H+, etc.) penetrate into the PPy film
and the oxygen concentration difference cell, the H+ ion concentra-
tion difference cell, and the electrolyte (NaCl) concentration differ-
ence cell gradually form on the PPy film. As a result of the
comprehensive effects of these corrosion cells, the potential distri-

m.co
m.c
the oxygen concentration difference cell in deaerated 0.1 M NaCl for 75 h.
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Fig. 16. 3D images (1 mm � 1 mm) of the potential distribution on the same area of a PPy film surface immersed in aerated 0.1 M NaCl for (a) 0 h; (b) 3 h; (c) 5 h; (d) 6 h; (e)
20 h; (f) 26 h; (g) 31 h and (h) 44 h.
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bution on the PPy film gradually becomes nonuniform again and
develops with the immersion time. However, according to our
experimental results and discussion, it should be noted that the
H+ ion concentration difference cell and the electrolyte (NaCl) con-
centration difference cell have no obvious influences on the corro-
sion of PPy, while the oxygen concentration difference cell
accelerates the corrosion of PPy severely.
 m
5. Conclusions

In this paper, some galvanic couples were formed with PPy elec-
trodes to simulate possibly formed corrosion cells on the PPy films.
Their effects on the conductivity and corrosion of PPy were inves-
tigated using electrochemical methods and XPS analysis. The fol-
lowing conclusions are drawn from the results of experiments:

(1) The PPy redox state difference cell, the oxygen concentration
difference cell, the H+ ion concentration difference cell and
the electrolyte (NaCl) concentration difference cell can occur
on the PPy films in electrolyte solutions.

(2) Under the studied conditions, the PPy redox state difference
cell just occurs in the initial corrosion period and cannot be
sustained for a long time (such as more than 5 h). The other
three kinds of corrosion cells can be sustained for a longer
time (such as more than 40 h).

(3) The formation of the oxygen concentration difference cell on
PPy films will obviously influence the conductivity and cor-
rosion of PPy. In this corrosion cell, the cathodic processes
include the reduction of DO and PPy itself, which make the
PPy cathode in the reduction state and decrease its conduc-
tivity. The OH� ions generated from the reduction of DO
attack PPy and result in the severe corrosion of PPy. At the
same time, the corrosion of the PPy anode is accelerated
owing to the breakdown of the PPy conjugated structure
by the anodic polarisation, which also decreases the conduc-
tivity of the PPy anode. In aerated electrolyte solutions, the
oxygen concentration difference cell formed on the PPy films
plays an important role in the corrosion of PPy.

(4) The formation of the H+ ion concentration difference cell and
the electrolyte (NaCl) concentration difference cell on PPy
films has no obvious effect on the corrosion of PPy under

www.sp

the test condition, but still has some slight influence on its
conductivity. However, the conductivity of a PPy film does
not directly reflect its corrosion extent.om
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