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Cyclic voltammetry of KI at high concentrations was studied on Pt and polyaniline—modified Pt
electrodes in 0.1 M HCIO, solution. The oxidation of iodide to iodine proceeded at a polyaniline-filmed
Pt electrode with a mechanism similar to that at a bare Pt electrode. New peaks appeared in the cyclic
voltammograms on the polyaniline-filmed Pt electrodes, depending on the experimental conditions,
due to interactions of iodine species with the polyaniline chains. XPS analysis of polyaniline samples
doped with iodine during, or after, the synthesis of polyaniline provided further evidence of the
existence of polyaniline-iodine charge transfer complexes.

1. Introduction

The oxidation of iodide and the reduction of iodine on
Pt and other electrodes has been extensively studied
[1-10]. The oxidation of iodide to iodine on Pt and
graphite electrodes shows reversibility only at low
pH in dilute solutions (1 mm or less) [1]. The oxidation
becomes increasingly irreversible as the pH of the
solution increases [2]. The process usually follows a
Vetter mechanism [3]. The reduction of iodine and
of triiodide is reversible in solutions of low pH, up
to a concentration of 10mm [5]. During the anodic
oxidation of iodide at concentrations above 10 mm,
the current suddenly drops beyond a certain potential
due to the formation of a thick layer of iodine [7,8].
The conventional limiting current for the diffusion
of iodide ions towards the electrode is not observed
due to the formation of the iodine film on the
electrode. Instead, the steady-state anodic current
beyond that potential is due to dissolution and diffu-
sion of iodine species from the electrode surface
towards the bulk solution. The thickness of the iodine
layer ranges from hundreds to thousands of ang-
stroms. The steady state current is governed by a
precipitation—dissolution mechanism, determined by
the rate of transfer of iodide to the electrode and the
rate of removal of iodine and triiodide from the
electrode [9,10].

Conductive polyaniline (PAn) is a promising
material as a modifier in chemically modified elec-
trodes [11-15]. It has been demonstrated that the
PAn-film electrode increases the reversibility of some
redox species, such as the hydroquinone/benzoqui-
none couple [12]. The potential of the I,/I” couple
overlaps that of the first oxidation step of PAn,

36

believed to be the oxidation of PAn from leuco-
emeraldine to emeraldine. Yano has reported that
both poly(N,N-dimethylaniline)- and poly(o-chloro-
aniline)-coated electrodes give a pair of redox waves
for the I,/I" couple, with increased peak separation
and somewhat depressed peak height [15]. The work
of Mengoli ef al. [16] has demonstrated that a Zn/
Znl,/PAn battery has promising characteristics.
However, few groups have paid attention to the redox
behaviour of the I,/I” couple with high concentration
of KI at a PAn-filmed electrode by comparison with
those observed at a bare Pt electrode. Although the
formation of PAn-iodine complexes has been sug-
gested by Mengoli et al. [16], the effects of the complex
formation on the cyclic voltammetry of iodide at PAn-
filmed electrodes are not yet well known. In this paper
we report the redox behaviour of KI at a PAn-filmed
Pt electrode and the effects of formation of charge
transfer complexes between the PAn chains and
iodine species.

2. Experimental details

A platinum disc electrode with a diameter of 1 mm,
after being polished with 0.3 ym alumina and cleaned
in acetone, was electrodeposited with a film of PAn at
a current density of 1 mA cm~? in a solution of 1.3 M
aniline and 2.3 M HCIO,4 until a given anodic oxida-
tion charge, Q,, had passed to achieve a required
PAn film thickness. The PAn electrode film, created
by passing a charge of Q, was denoted as Q,-PAn/
Pt (for instance, 100-PAn-Pt for the case of O, =
100 mCcm 2.

The electrode was washed by dipping in distilled
water, and transferred into the test solution, where it
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Table 1. Preparation procedures of the bulky samples of PAn for XPS measurement

Sample Procedure

1 Obtained at +0.85V in the base solution.

After step 1, the-pelymer was immersed for 24 h in solution of 0.5M HClOy, 0.05M KI and 0.025m I,.

After step 1, the polymer was subjected to potential cycling at 50mV s~ between —0.15 and +0.6 V for 13 min, and then
between —0.15V and +0.85V for 2min, in solution of 2.3m HCIO, and 20mMm KI. The cycling was finally stopped at
+0.85V, and the polymer electrode stood at its open-circuit potential for 2min to dissolve the I, layer deposited on

the outer surface of the polymer electrode.

Obtained at +0.85V in the base solution in the presence of 20 mm KI.

Obtained by potential cycling at S0mV s™" between —0.15 and +0.85V in the base solution in the presence of 20 mm K1,
followed by a treatment similar to that given in step 3.

was subjected to potential cycling between —0.15 and
0.6V at 50mVs™' for 10 min to be activated prior to
the CV measurement. Steady-state CV responses of
KI were then recorded at scan rates of 0.5-
200mV s~ in KI solutions with 0.1 M HCIlO, as back-
ground electrolyte. The experiment was conducted in
a typical three-electrode cell with a wire Pt counter-
electrode and a saturated calomel reference electrode
(SCE). All the electrochemical experiments were per-
formed at 25°C under an inert atmosphere, using a
HA-301 potentiostat (Hokuto Denko Ltd), equipped
with a HB-104 function generator (Hokuto Denko
Ltd) and a YEW Type 3086 X-Y recorder (Yoko-
gawa Electric Works, Ltd).

A platinum plate electrode (4cm?) and a platinum
plate counter-electrode (8 cm?) were used to prepare
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bulky samples of PAn for XPS measurement with pro-
cedures given in Table 1, followed by rinsing with dis-
tilled water and vacuum drying at 30 °C for 24 h. The
samples were powdered and then pressed into pellets.
XPS spectra were recorded by an ESCA PHI 5400
(Perkin—FElmer Co.) spectrometer using a MgK,, anode
with a power of about 400 W. The vacuum level during
the measurement was lower than 10~ torr. The C(1s)
binding energy of 284.6eV was used as the internal
standard.

3. Results and discussion
3.1. CV response of KI on bare Pt electrode

The redox process of the iodine—iodide couple at a Pt
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Fig. 1. Cyclic voltammograms at bare Pt electrode in 0.1 M HCIO, containing KI of (a) 0.1 M, (b)0.01 M and (c) 0.01, 0.05 and 0.2 M for curves
1 (A =10pA),2 (A =20pA)and 3 (A = 200 uA), respectively. Key for curves (2) and (b): (1) 5, (2) 10, (3) 50, (4) 100 and (5) 200mV s~".
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electrode is reversible only at low iodide concentra-
tions [1, 3, 6], thus the cyclic voltammograms at a Pt
electrode in 0.1M HCIO, containing KI of 0.01-
0.2 M showed high irreversibility in the redox process,
as shown in Fig. 1. Similar cyclic voltammograms
were observed by Yaraliyev in KI solutions with
0.05mM Na,SO, as background electrolyte [17].

In concentrated solutions of iodides the following
reactions may be involved in the oxidation process:

A =2 =1, (1)
A -2 =15 (2)
2I; —2e =3I, 3)

The successive oxidation of iodide ions (Equations 1-3)
were clearly demonstrated in Fig. 1. In the oxidation
process two waves appeared, an anodic peak A’ and a
shoulder B’ (see Fig. 1(a)). The shoulder B’ may be
ascribed to oxidation of I” to I3, that is, the formation
process of the iodine—iodide complex via Equation 2.
The peak A’ corresponds to the oxidation of iodide
and/or triiodide ions, in which the iodine film is formed
on the electrode surface. Once the iodine film is formed,
the oxidation current decreases rapidly and at the end of
peak A’ a quasi plateau is observed, which is referred to
as the so-called steady-state current in the literature
[9,10]. At sufficiently slow scan rates, another peak X’
appeared beyond peak A’ (curve 1 of Fig. 1(a) and
(c)). This may rise from competition of several pro-
cesses, such as reoxidation of trilodide, dissolution of
iodine film via the formation of iodine—iodide complex,
and so on.

Correspondingly, in the reduction scan two peaks,
A and B, are observed in the solutions containing
higher concentration of KI at lower scan rates, which
emerge as a round peak AB at high scan rates (Fig.
1(a)). Peaks A and B correspond to the reverse pro-
cesses of peaks A’ and B’, respectively. In solutions
of low KI concentrations, the reduction process of
I5 to I” becomes less important; thus only one catho-
dic peak is observed (Fig. 1(b)). If the scan rate is slow,
the iodine film formed dissolves and diffuses into the
bulk solution before its reduction during the following
cathodic scan. Therefore, only the reduction of the
retained iodine film gives a single peak in the case of
low KI concentration (curve 1 in Fig. 1(c)), and no
peak is observed in case of high KI concentration (curve
3 in Fig. 1(c)) because no iodine film is retained on the
electrode surface. In addition, the ratio of cathodic peak
current to anodic peak current decreases significantly
with increase in iodide concentration, which is reason-
able in view of the faster dissolution rate of the iodine
film at higher KI concentrations.

3.2. CV response of KI on PAn electrodes

Tt is found in Fig. 2 that the redox process is affected
by the PAn film. The shape of the cyclic voltammo-
grams is strongly dependent on experimental para-
meters such as scan rate, PAn film thickness, and
concentration of KI. At higher concentrations of KI

and lower scan rate, the cyclic voltammograms on
the PAn-modified electrodes (Fig. 2(a) and (b)) are
similar in shape to those on bare platinum. On the
PAn-modified electrodes the two anodic waves A’
and B’ tend to emerge as a single wave. It seems that
the anodic peak potential is not affected by the film
thickness, but the peak current of the anodic peak
increases somewhat in the presence of PAn film, and
a higher steady-state oxidation current is observed
on the Pt electrode modified with thicker PAn film
(Fig. 2(d)). The existence of higher steady-state oxida-
tion current and the shape of the cyclic voltammo-
grams, similar to that observed at a bare Pt electrode,
along with the existence of iodine film at the geometric
surface of PAn-filmed electrode (vide infra), suggest
that the precipitation-dissolution mechanism for the
oxidation of iodide to iodine on a bare Pt electrode
[9,10] is basically valid on PAn-filmed Pt electrodes,
but with some modifications. At first, the higher
steady-state oxidation current on the PAn-filmed Pt
electrode indicates that there is a modification in the
structure of the iodine film, leading to easier oxidation
of iodide through the iodine film. Then, an approxi-
mately 50mV negative shift of the current for the 17/
I; oxidation at PAn filmed electrodes observed at
higher concentrations of KI is evidence that PAn com-
plexes and holds the iodine. Furthermore, a new anodic
peak, or shoulder, Y, may appear, providing further
evidence of the formation of PAn-iodine complexes.
Stronger evidence could be obtained from its effects
on the cathodic process at PAn-filmed electrodes.
There are two cases for the reduction process at PAn
electrodes. In the first case, the reduction peak increases
in height without evident change in shape, which
usually occurred in cases of slow scan rates (Fig. 2(b)).
In this case the PAn film is beneficial to growth of the
iodide film, compared with the case of a bare Pt elec-
trode. The cathodic peak current is evidently promoted
with increase of the film thickness because more iodide
remains in and on the polymer film. In the second case,
the peak current changes little, or even decreases some-
what (but the total area of the whole peaks increases
markedly), and several new (more cathodic) shoulders
or small peaks appear, which may grow and become
the main peak, according to the experimental condi-
tions. As shown in Fig. 2(c) and (d), the new cathodic
peaks following peaks A and B (or peak AB) are
assigned as C, D, etc. in the negative potential direction.
The increase in the number of reduction peaks and
shoulders is denoted as cathodic peak splitting. It is

" clearly indicated in Fig. 2(d) that new cathodic peaks

are preferential at electrodes with thicker PAn film.
Figure 3 shows the dependence of the cathodic peak
current on the scan rate. Generally, there is a linear
relationship between the cathodic peak current and
the root of the potential scan rate, which suggests a
diffusion-controlled step is involved in the reduc-
tion process. This is consistent with the so-called
deposition—dissolution mechanism for oxidation of
iodide to iodine, where a film of iodine is deposited
on the electrode surface.
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Fig. 2. Cyclic voltammograms of KI on PAn-modified Pt elecirodes in 0.1 M HCIO, under the conditions of (a) 100-PAn/Pt, 0.1 M K1, (b)

0.5mVs ', 0.05MKI, (c) 100-PAn/Pt, 0.01 m KI, and (d) 100mV's™

for (b): (1) bare Pt, (2) 40-PAn/Pt, (3) 60-PAn/Pt and (4) 100-PAn-PL; for (¢): (1) 5, (2) 10, (3) 50, (4) 100 and (5) 200mV s™'; for (d): (1) bare

Pt, (2) 40-PAn/Pt, (3) 100-PAn/Pt and (4) 150-PAn/Pt.
3.3. Formation of PAn-iodine charge transfer complexes

The negative shift of the onset of oxidation potential,
mentioned above, is similar to the observation of
Mengoli et al. [16], who suggested the formation of
PAn-iodine complexes. In the present work, however,
stronger evidence for PAn-iodine complex formation
is provided by the appearance of a new oxidation peak
at a more cathodic potential, the cathodic peak splitting,
and XPS analysis of PAn samples doped with iodine.

',0.01 M KI. Key for (a): (1) 5, (2) 10, (3) 50, (4) 100 and (5) 200mVs

>

3.3.1. Cathodic peak splitting. The two cathodic peaks
or shoulders, A and B, observed at a bare Pt electrode
usually emerge into a single peak AB at PAn-filmed
electrodes. As shown in Fig. 2, some new peaks, other
than the redox peaks of PAn itself, appear in the
cyclic voltammograms at PAn-filmed electrodes. Any
of these new peaks may become the highest peak, that
is, the main peak, depending on the experimental
conditions. The phenomenon that a small peak grows
and becomes the highest peak, is referred to as the
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Fig. 3. Dependence of the cathodic peak current on the scan rate in
0.1 M HCIOy as the background electrolyte. (1) Pt and (2) 100-PAn/
Ptin 0.2m KI; (3) Pt and (4) 60-PAn/Pt in 0.1 M KI; (5) Pt and (6)
100-PAn/Pt in 0.02M KI

alternation of the mean peak, which is evidently
illustrated in Fig. 2(d).

The peak splitting and the alternation of the main
peak make the system much more complex. There
are several different cases of their effects on the cyclic
voltammetry of KI. The extremes are (i) new peaks
appear, but the main peak is affected little, as shown
in Fig. 2(a), and (i) that new peaks occur, and the
peak current of the main peak does not increase or
even decrease (although the total peak area of all the
peaks increases); this is often accompanied by the occur-
rence of the main-peak alternation, as shown in Fig. 2(c)
and (d). It has been found, from a large number of
experimental results, that a higher scan rate, thicker
PAn film, and/or higher KI concentration is beneficial
to preferential growth of these more cathodic new peaks
and hence to the alternation of the main peak.

On the PAn-filmed electrode immersed in solution,
at least three different interfaces exist: the Pt/PAn
interface, the internal PAn/solution interface in the
PAn film, and the external PAn/solution interface
on the geometric surface of the PAn film. Thus, there
are several steps involved in the anodic oxidation of
iodide at the PAn anode: (i) iodide ion diffuses from
the bulk of the solution to the electrode surface; (ii)
it diffuses further through the polymer film onto the
inner surface of the polymer and the uncovered sur-
face of the Pt electrode; (iii) it loses electrons to liber-
ate iodine; (iv) an iodine film is formed; (v) iodine is
transformed into iodine—iodide complex and is reoxi-
dized; and (vi) iodine and/or triiodide ion diffuses
within the polymer but also diffuses out of the poly-
mer surface. Mengoli ez al. [16] have demonstrated
that the I3 /I, reaction takes place throughout the
film and not at the metal-polymer interface.

On the external surface of the PAn film a layer of
iodine is deposited during an anodic scan. These
reaction sites at the external surface of the PAn film
for the reduction of iodine species are assigned as the
primary reaction sites, where the electrode reaction
takes place as if on a bare Pt electrode. At the concen-
trations of KI in the present work, it appears that
the contribution of iodine deposited on the external

geometric surface is important to the cathodic current
in the cathodic scan that followed. The contribution
of the primary reaction sites is largely dependent on
the effects of factors influencing the deposition and dis-
solution of iodine on the geometric surface of the PAn
film. On the other hand, the bulk of the PAn film is
considered as having a porous nature. During the ano-
dic potential scan, part of the iodine species is also
adsorbed or deposited on the inner surface of the
PAn film, which is also subject to reduction during
the next cathodic scan. Based on the structure of
PAn generally accepted [18, 19], its unique permeability
to the iodine species [15], and the oxidation reaction
of PAn in concentrated iodide solution proposed by
Mengoli et al. [16], we suggest that on the inner surface
of PAn film the iodine species react with the PAn
chains by the formation of electron donor—acceptor
(EDA) complex between I, and the N atom in the
PAn chains, and the strong electrostatic attraction
between negatively-charged Iy and the positively-
charged N in the PAn chains. These reaction sites are
denoted as the secondary reaction sites. The simple
classification of reaction sites for the reduction of
iodine species is given in Scheme 1, based on which parts
of the experimental results are explained as follows.

The essential difference between the primary and
the secondary reaction sites is that at the secondary
sites the iodine species is combined with the PAn
mainchains, rather than attachment by conventional
adsorption. The interactions taking place at the sec-
ondary reaction sites make the iodine species more
difficult to be reduced. This results in the occurrence
of new cathodic peaks on the cathodic side of the
intrinsic reduction peaks corresponding to reduction
on the external surface of the PAn film. The preferen-
tial or depressed growth of the new peaks, relative to
the intrinsic ones, depends on the ratio of the reduc-
tion current on the inner and the external surfaces
of the PAn film, hence depending on the experimental
conditions.

At faster scan rates, the reduction on the external
surface is inhibited by the diffusion of iodine species
to and from the surface, but the reduction on the inner
surface (i.e. at the secondary reaction sites) is much
less dependent on the diffusion. Therefore, the reduc-
tion on the inner surface, and hence the height of new
peaks, increases relatively faster than that on the
external surface or the intrinsic peaks. As the thick-
ness of the PAn film increases, the area of the inner
surface increases over that of the external surface.
The relative increase in the number of the secondary
reaction sites over that of the primary reaction sites
results in preferential growth of new peaks on thicker
PAn film. Similarly, higher iodide concentration is
more beneficial to accumulation of the surface-
combined iodine species on the inner surface, hence
the new peaks grow faster.

3.3.2. Additional evidence. Enrichment experiments
were carried out to obtain further evidence for the
interactions between I, and PAn chains. A PAn/Pt
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electrode was held at +0.6V for an enrichment of
iodine in 0.1m HCIO, solution containing 0.02m
K1, followed by potential cycling with +0.6'V as the
starting potential. During the enrichment, much
more I, was deposited onto the external surface of
PAn, while the oxidation of iodide on the inner
surface was much less affected by the enrichment.
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Fig. 4. The first (dotted) and multicycle (solid) voltammograms at
50mVs~! in solution of 0.02m KI and 0.1M HCIO,4 at 32°C, on a

100-PAn/Pt electrode previously held at +0.6V for an enrichment
time of (1) 0, (2) 15, (3) 30, and (4) 60s.

Hence, it is expected that in the following potential
cycling, the height of the intrinsic peak AB will be
enhanced significantly, while the peaks C and D,
due to complex formation, will be influenced more
weakly. It is indicated in Fig. 4 that only the first
cyclic voltammogram is affected by the enrichment,
while the multicycle voltammogram is not influenced.
In the first cyclic voltammogram, the peak AB
increases with increase in enrichment time and the
height of peaks C and D is much less affected.

Multicycle voltammograms were also obtained by
varying the upper potential of the scanning potential
window (not presented here). In this case, the higher
values of the upper potential is equivalent to longer
enrichment time. Therefore, the height of peaks C
and D changes little, but the peak AB increases signif-
icantly with change of the upper potential from +0.4
to +0.9V.

It is further demonstrated by the following experi-
ment that the new cathodic peaks are due to the inter-
actions of iodine species with PAn main chains on the
inner surface of the PAn film. A 100-PAn/Pt electrode
was immersed in an I,—KI solution for about 24 h.
Upon being washed well, it was transferred into
0.1m HCIO, solution, where it was subjected to
potential cycling with its quasi steady-state potential
as the starting potential. During the immersion, the
interactions of iodine species with PAn main chains
took place to a great extent, while much less or,
even little, I, deposited on the external PAn surface.
Therefore, the peak AB is heavily depressed and the
peaks C and D grow, as shown in Fig. 5(a). Being
similar to the enrichment experiment mentioned
above, the 100-PAn/Pt electrode was held at +-0.5V
in an I,~I" solution for 15s, then immersed in a
concentrated KI solution for about 2 min to dissolve
the iodine layer deposited on the external surface
without evident effect on the interactions of iodine
species with PAn on the inner surface. After being
washed well, the resulting electrode was transferred
into 0.1 M HCIO, solution and subjected to potential
cycling with +0.5V as the starting potential of the
scanning. As shown in Fig. 5(b), the enrichment with-
out dissolving the surface iodine layer significantly
increases the height of peak AB relative to that of
peaks C and D. The removal of the surface iodine
layer by immersion in KI, no matter how long the
enrichment time strongly depresses the peak AB, but
peaks C and D are affected little, as shown in
Fig. 5(c). These results also suggest that the iodine
can not be immobilized in the PAn film permanently,
which is a different situation from that on a
polycarbazole-filmed electrode. On the polycarbazole
electrode similarly preadsorbed by iodide, the peaks
are repetitively produced with no decrease in height
even after 100 scans in a blank solution [20]. (It should
be noted that a film of iodine is indeed deposited at the
geometric surface of the PAn-filmed electrode, which
dissolves into the iodide solution by open-circuit
immersion for a period of time. The existence of the
iodine film at the electrode surface provides further



42

H. TANG, A. KITANI AND M. SHIOTANI

(a)

50 b
Starting point 50
0
50|
EY < \ |
< sof =100 \\ ,
—~— {
\ !
\ 1
| i
0 150} P
-
|
\ [
Vo Starting poi Vo
50 . arting point 200} \\ |
v
0.2 ) 0.2 0.4 0.6 08  -0.2 R 0.2 0.4 0.6 0.8
EIV E/V

Fig. 5. Consecutive cyclic voltammograms in 0.1 M HCIO, at 50mV's

~! on a 100-PAn/Pt electrode pre-treated by (a) being immersed in

25 mm I + 50mm KT + 0.1 M HCIO, for 24 h, (b) being held at 0.5V for enrichment of 15 in the solution same as that in (a), and (c) being
immersed in 50 mm KI for 2 min after the treatment in (b) to dissolve the iodine film deposited on the geometric surface of the electrode. The

given number was the cycle number.

evidence for that a precipitation—dissolution mechan-
ism for oxidation of iodide to iodine is in principle
valid at the PAn-filmed electrode.)

3.3.3. XPS spectra deconvolution. XPS spectra of PAn
samples have been studied by several research groups
[21-27]. Chan et al. 28] have reported XPS studies of
chemically synthesized polypyrrole—iodine charge
transfer complex. The XPS spectra deconvolution of
N(1s), Cl(Zp), O(1s) and I(3ds,) for the PAn sample
5 are shown in Fig. 6, and the elemental compositions
and the proportions of different nitrogen, oxygen and
iodine species in the PAn samples are given in Table 2.

The N(1s) envelope may be deconvoluted into four
peaks ascribed to the different nitrogen species as
shown in Fig. 6(a). The peak of the binding energy
equal to 398.1¢V is due to =N- species, the peak of
the binding energy at 399.3eV to —NH-, and the
two peaks of the variable binding energy (but always
greater than 401eV) to positively charged N species
[23]. Other binding energy values for =N—, -NH-,
and N species have also been reported as 397.5,
398.9, 400.3 and 402.2¢V [26]; and as 398.4, 399.4,
400.7 and 402.0eV [27]. Our measurements of the
PAn samples give the binding energy values for the
corresponding four deconvoluted peaks as 398.8 +
0.2, 399.6£0.2, 400.9+0.2, and 402.4+0.2¢V.
Usually, the imine nitrogen has an intensity less
than that of the amine nitrogen [29] in emeraldine
salt because protonation occurs mainly at the imine
nitrogens [18]. However, the proportion of the =N—
component is higher than that of the —-NH- com-
ponent as shown in Table 2. This is possibly related

to the oxidation states of the PAn samples. The pro-
portion of the imine nitrogens relative to that of the
amine nitrogens in a pernigraniline salt is much higher
than that in an emeraldine salt. The PAn samples
obtained in the present work are rather pernigraniline
salts than emeraldine salts. Higher proportion of the
imine nitrogens than that of the amine nitrogens has
also been reported recently by Dziembaj and
Piwowarska [27].

The binding energy of Cl(2p) of KClO, is 209.0eV,
which becomes 208.3 eV when measured in a mixture
of chlorine-containing compounds [30]. Dannetun
et al. [31] have observed the CI(2p) spectra of PAn
films doped in HCI solution and in situ treated with
HCI in the gas phase. They have found that the
CI(2p) spectra may be deconvoluted into three peaks,
which are ascribed, respectively, in the binding energy
increasing direction, to the chloride anion associated
with the polaronic nitrogen, chlorine in the form of a
salt complex, and covalently bonded chlorine. As
shown in Fig. 6(b), the Cl(2p) spectra in the present
work also gives three peaks with binding energies
of 206.5+0.2¢eV, 208.2 £ 0.3eV and 209.6 = 0.3¢V.
Similarly, the very small peak with the highest binding
energy may be due to HCIO, retained in the samples.
The other two peaks may be attributed to the perchlor-
ate anion, associated with the two types of N1 species.

Similarly, analysis of the O(1s) spectra is used to
distinguish three possible different states of oxygen
atoms. The fractional peak of binding energy at
531.0+:0.2eV is ascribed to oxide species, that
characterized by binding energy within the range
532.54+0.2¢eV to surface OH™ anions, and the peak
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Fig. 6. (a) N(1s), (b) CI(2p), (c) O(1s), and (d) I(3ds/;) envelope deconvolution for PAn sample 5.

showing a binding energy value of 534.0 £ 0.2¢V to
H,O molecules. The binding energy values of these
fractional peaks are slightly higher than 530.5+
0.1eV, 532.04+0.2¢V, and 533.5+0.2eV corre-
spondingly reported by Dziembaj and Piwowarska
[27].

We are more interested in the I(3ds;;) envelope,
which is also possibly deconvoluted into four peaks
as shown in Fig. 6(d) and suggests the existence of
different iodine species. In the literature, the binding
energy for 1(3ds,) of KI is 619.0eV [30] or 618.6eV
[32], and that of I, is 619.5eV [32]. Thus, we can
ascribe the peak of the binding energy at 619.0+
0.3eV to I, and the peak of the binding energy at
620.0 £ 0.3eV to I,. The presence of I, in the polymer
is reasonable, and the presence of I™ may result from
the reduction of I, during treatment. The other two
component peaks of higher binding energy at 621.3 +
0.3eV and 622.3 + 0.1¢eV are, as yet, unidentified, but
the higher binding energy indicates an iodine environ-
ment associated with electron withdrawing atoms,

which is possibly related to the interaction of the iodine
species with the N in the PAn main chains. This kind of
interaction is enhanced by the action of applied electric
fields; thus the distribution percentage of these iodine
species with higher binding energy for samples 3-5 is
higher than that for sample 2. No relationship between
the distributions of iodine, oxygen and nitrogen species
can be clearly found from Fig. 6 and Table 2, but the
existence of iodine species with higher combination
states provides further evidence for the formation of
PAn—iodine charge transfer complexes.

4, Conclusions

The successive oxidation of iodide to iodine is clearly
observed from the CV study on PAn-modified Pt elec-
trodes in acidic KI solutions, suggesting that the
precipitation—dissolution mechanism for this oxida-
tion process at a bare Pt electrode is still valid at
PAn-filmed Pt electrodes. The intrinsic cathodic
peak on a bare Pt electrode splits into several peaks

Table 2. Elemental compositions (%) in the PAn samples obtained via procedures given in Table 1

Sample  Cl(Is) O(Is) (0*~, OH , H,0) CI2p) N(s) (=N-, -NH-, NT) I3dsp,) (I, L, PAn-I*)
1 644 2438 29 7.9 371 34.4 28.5)  0.00

2 69.6 194 (498 304 198) 27 79 (366 352 282) 038 (119 718 16.3)

3 623 262 (354 4456 20.0) 3.7 7.7 (50.7 18.3 31.0) 0.10 (22.6 399 375

4 672 210 (181 532 287) 29 88 (395 347 258)  0.14 (@75 455 27.0)

5 689 205 (174 498 328) 1.7 8.7 (243 38.4 37.4)  0.23 (38.8 326 28.6)

* Charge transfer complexes between PAn and iodine species with higher binding energy.
The proportions of different nitrogen, oxygen or iodine species are given in the parentheses.
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on PAn-modified Pt electrodes. The magnitude of
cathodic peak splitting increases with increase of the
PAn-film thickness and the scan rate. The cyclic
voltammetry (and the cathodic peak splitting) of KI
of high concentrations at PAn-filmed electrodes is
also affected by solution pH, which is reported else-
where [33]. Depending on the experimental conditions,
the new cathodic peaks may grow and become the high-
est peak, resulting in alternation of the main peak. New
cathodic peaks are possibly explained by the interaction
of iodine species with PAn main chains. The XPS
I(3ds/;) envelope is possibly deconvoluted into four
component peaks, which provides direct evidence for
the formation of charge transfer complexes between
PAn and iodine species. In addition, iodide can be inter-
calated into the PAn film with potential cycling, but it
can not be stably immobilized in the polymer during
potential cycling if there is insufficient iodide in the
solution.
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