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Abstract 

A detailed study of the origin and meaning of the anodic pre-peak, A0, was carried out for polyaniline (PAN1) 
films, which were electrochemically grown using the potential sweep method to two different upper potential limits 
(Type I and Type II films) on Au, Pt and G C electrodes. The observed presence of a matching cathodic peak, C0, for 
slowly grown Type I films, and the absence of the A0 pre-peak for rapidly formed Type II films, suggest that the 
pre-peak arises from the oxidation of particular PAN I sites within these films, likely located near the underlying 
substrate. Time of cycling over the Ao/C0 potential range (0 and 0.3 V) and/or holding of the potential in the reduced 
film state causes the A0 peak potential to shift. Simultaneous cyclic voltammetry, quartz crystal microbalance and 
eliipsometry measurements indicate that the positive movement of the A0 potential is related to film swelling. Long 
times of cycling between 0 and 0.6 V appear to cause the Type I film to anneal, resulting in a more compact PANI 
film, and a negative shift of the pre-peak. The pre-peak, therefore, appears to be a barometer of film water and/or 
solution anion content. © 1999 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

In cyclic voltammetry (CV) experiments, the electro
chemical conversion from the reduced to oxidized form 
of polyaniline (PANI) films is sometimes preceded by a 
small anodic pre-peak [1,2]. This pre-peak has been 
seen in published PANI CVs in HC1 and H 2 S 0 4 solu
tions [1-3] . However, little detailed attention has been 
paid to its interpretation to date. 

Gottesfeld et al. have suggested that the pre-peak 
(A0) is caused by the change in bulk PANI film resistiv
ity as it switches from the insulating to the conducting 
form [3,4]. According to this theory, the anodic pre-
peak results from the initial spread of electronic con
ductivity through a network of dense, non-conducting 
fibers within the PANI film. This small amount of 
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anodic charge injection is then suggested to significantly 
increase the electronic conductivity of the film, thus 
yielding the pre-peak [3]. Gottesfeld et al. suggested 
that starting the positive scan at a relatively negative 
potential, e.g. an E _ of 0 V. and/or increasing the time 
spent at E_, would serve to reduce the PANI film more 
fully [3]. The resulting further increase in film resistivity 
would delay the onset of film oxidation, causing a 
positive shift of the pre-peak in the first anodic scan [3], 
In subsequent scans, the pre-peak was predicted to 
broaden and shift negatively to a steady state potential 
[3], as seen experimentally. 

Kalaji et al. [5] have carried out holding experiments 
at comparatively negative potentials near 0 V versus 
SHE, but perhaps because only a thin PANI film (36 
nm) was studied, no pre-peak was observed. Instead, 
time spent at 0 V resulted in the principal anodic peak 
(A\) being somewhat larger and shifted positively by ca. 
100 mV versus its steady-state position in multi-cycling 
experiments. Also, the charge passed in the first oxida-
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tion cycle after holding at E _ was not fully recovered 
in the subsequent cathodic sweep, i.e. the PANI film 
was not fully reduced. Subsequent multi-cycle scans did 
not show a positive shift of At and the anodic and 
cathodic charges were the same. Like Gottesfeld et al. 
[3], the authors [5] explained that, by spending time at 
negative potentials, PANI films become completely re
duced, and added that the rate of oxidation is slower in 
this case than when the film is only partially reduced 
[5]. However, they did not attempt to explain the origin 
of the AQ pre-peak using this argument [5], 

A similar anodic pre-peak is seen during the oxida
tion of non-conducting Ir(lll) oxide to the conducting 
Ir(IV) state. It was also explained as being due to the 
switch of the film conductivity [3]. However, it was later 
reported that [6-8], when Ir oxide films are transferred 
from acidic solutions, where the pre-peak is seen, to 
basic solutions, the pre-peak is completely absent. As Ir 
oxide films are still fully electrochromic and conductiv
ity switching in alkaline solutions, it was concluded 
[6-8] that the pre-peak must arise from additional 
factors than just the increase in film conductivity during 
the anodic sweep. 

In the present work, the origin of the anodic pre-
peak, A0, was explored in detail by studying PANI films 
grown slowly in 1 M H2S04 by multi-cycling to E+ = 1 
V versus RHE (Type I PANI) and those grown much 
more rapidly to E+ = 1.7 V versus RHE (Type II 
PANI), on Au. Pt and GC electrodes. Concurrent CV 
and quartz crystal microbalance (QCMB) measure
ments were carried out to determine the mass change 
associated with the pre-peak reaction. Ellipsometric 
measurements were also carried out to monitor the 
optical properties of PANI films in the potential range 
of the A0 peak, in particular. 

2. Experimental 

2.1. Equipment 

Cyclic voltammetry (CV) was performed using EG 
and G PARC 173/175 instrumentation, while the 
quartz crystal microbalance (QCMB) experiments were 
carried out using a home-made, Pierce-type oscillator, 
connected to a Philips PM 6654C programmable high 
resolution frequency counter. A Gaertner L116C ellip-
sometor was used in the monochromatic mode (633 
nm) to monitor the optical properties of the PANI film 
at 0 V versus RHE. The details of the instrumentation 
and general experimental conditions employed have 
been described in detail elsewhere [9]. 

2.2. Electrodes and cells 

An electrochemical/optical cell, constructed of Plexi

glass, was used for concurrent CV, QCMB and ellip-
sometry experiments. The details of this cell have been 
presented in another paper [9]. In this cell, the working 
electrode (WE) consisted of an AT-cut quartz crystal 
(Valpey-Fisher, 5 MHz, 2.5 cm diameter), sputter-
coated first with a thin film of titanium for adhesion, 
and then a thin film of gold. The counter electrode (CE) 
was a large area Pt gauze, and the reference electrode 
(RE) was a reversible hydrogen reference electrode 
(RHE). 

In other experiments, a standard three-electrode, two 
compartment glass cell was used to electrochemically 
prepare and study PANI films on either a polycrys-
talline Pt wire (Aldrich, 99.99%, 0.5 mm diameter) WE, 
embedded in soft glass tubing, or a GC disc (apparent 
area of exposed face is ca. 0.95 cm2) WE, embedded in 
an inert resin material (Scandiplast). The surface pre-
treatment of the Au, Pt and GC WEs prior to each 
experiment has been described elsewhere [10]. 

All potentials in this paper are reported versus the 
RHE and the current and charge densities are given 
with respect to the apparent electrode area for Au (0.45 
cm2) and GC (0.95 cm2), and the real electrode area for 
Pt [11,12]. In situ ellipsometric, QCMB and CV re
sponses were recorded simultaneously, generally using a 
sweep rate of 50 mV s"1. 

2.3. Poly aniline film growth 

PANI films were grown on the gold-sputtered quartz 
crystals, Pt wire and GC disc WEs by cycling at 50 mV 
s _ 1 between 0 and ca. 1 V versus RHE in 0.1 M 
aniline + 1 M H2S04 solution (Type I film) or between 
0 and 1.7 V versus RHE in 0.02 M aniline + 1 M 
H2S04 solution (Type II film). The PANI film thickness 
was estimated using the published conversion factor of 
500 C cm~3 [9], where the anodic PANI charge is 
obtained from the slow sweep CVs between 0 and 0.8 V 
versus RHE. PANI films were removed from the Pt and 
Au wire electrodes by sonicating in a 30% hydrogen 
peroxide solution for several hours, followed by electro
chemical cleaning [13], PANI films on GC were re
moved by polishing, while both the PANI and 
underlying sputtered Au films were removed from the 
quartz crystals by immersion in aqua regia for ca. 24 h 
[13]. 

3. Results and discussion 

3.1. General characteristics of the anodic pre-peak (A0) 

When Type I PANI films were formed at any of the 
three electrode substrates investigated here, the A0 pre-
peak could readily be seen in the CV scans once the 
films exceeded a thickness of ca. 100 nm. The solid 
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curve in Fig. 1(a) shows a typical CV at 50 niV s" 1 

for a 145 nm thick Type I PANl film on a GC 
substrate. Note that the y-axis is given in units of 
current density divided by sweep rate, in order to 
demonstrate the effect of sweep rate more effectively. 
It should be noted that slower sweep rates cause the 
A0 pre-peak to attenuate and move negatively. 
According to the conductivity switching model [3], an 
increase in the sweep rate would cause the pre-peak 
to sharpen and shift positively, consistent with Fig. 
Ka). 

An important feature to note in Fig. 1(a) is the 
presence of a matching cathodic feature, peak C0, to 
the A0 pre-peak. Peak C0 appears both when the 
upper potential limit is reversed just positive of A0, 
and also when it is reversed at any potential up to 
0.8 V (Fig. 1(a)). It should be noted that the cathodic 
C0 feature was not predicted by the model [3] of the 
A0 pre-peak arising strictly from the conversion of the 
PANl film from its insulating to the conducting state 
in the positive sweep. Indeed, the presence of peak C0 

argues that the pre-peak is likely related to the redox 
chemistry of some unique sites within the PANl film, 
perhaps in a region of lower conductivity. 

When PANl films initially transform from the 
insulating to conducting states during an anodic 
sweep, it is likely that this process commences at the 
electrode/PANI interface [5]. Therefore, as a first 
hypothesis, the pre-peak may reflect the reaction of 
sites in this region of the film. It is not unreasonable 
to suggest that the binding sites of the polymer to the 
electrode and/or sites located near the electrode 
surface could be different from the sites within the 
bulk of the polymer film in terms of their 
environment, degree of hydration, or conformation. It 
is also possible that the metal/film interface is more 
resistive than the bulk of the PANl film, as was 
suggested in [3], 

Further support for the suggestion that peaks AJC0 

reflect the redox activity of PANl sites near the 
substrate arises from the impact of the nature of the 
substrate on the pre-peak characteristics, when all other 
factors are kept constant. For example, it has been 
shown [10] that, for Type I PANl films, the pre-peak 
potential is more negative at GC versus at Au and Pt 
electrodes, while the principal AJC^ peaks are 
essentially identical in nature at these three substrates. 
Also, the shape of the pre-peak is noticeably different 
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and its charge appears to be greatest for PAN I films 
formed on GC, followed by Au and Pt, for otherwise 
the same film properties, as determined from both CV 
and ac impedance experiments [10]. 

Fig. 1(b) shows a typical CV for a Type II PAN I film 
(270 run), also formed on a GC substrate. Notably, 
both the A0 and C0 features are absent at this substrate, 
and were also never detected for a Type II film formed 
on Pt or Au electrodes [10]. Many attempts were made 
to induce these peaks to appear for Type II PAN I, e.g. 
by increasing the film thickness, using longer cycling 
times, holding at negative potentials (see below), etc. 
but none of these were successful in yielding the anodic 
pre-peak. Type II films undergo the same elec-
trochromic and conductivity switching behavior as do 
Type I films, and would therefore have been expected 
to yield the pre-peak if its origin was related to the 
change in the overall film conductivity. The absence of 
the AJC0 features for Type II films again suggests that 
the pre-peak represents the oxidation of particular 
PANI sites, which would then be absent in Type II 
films. The observations pointed out above regarding 
Fig. la and b motivated a more careful study of the 
parameters affecting the pre-peak characteristics, as 
discussed below. 

3.1.1. Effect of PANI film thickness 
As Type I PANI films are grown thicker with longer 

potential cycling times, the pre-peak becomes easier to 
detect in the CV response. This dependence on film 
thickness may indicate that the pre-peak is associated 
with the onset of a fibril structure, suggested to occur at 
a film thickness greater than 100 nm [14,15]. However, 
this interpretation is inconsistent with the observation 
that a pre-peak is not seen for Type II films, for which 
the fibril structure is dominant (Fig. 2). The globular 
structure of Type I films (Fig. 3) is also present for 
thinner Type II PANI films. 

Table 1 shows the charge density in the pre-peak (A0) 
region, measured by using the extrapolation of the 
main anodic peak (A\) as the baseline, as a function of 
Type 1 PANI film thickness on GC (using the 500 C 
cm ' conversion factor). It is notable that the A0 

charge densities range from ca. 10 to 120 uC cm~2, 
increasing with film thickness. This charge is generally 
larger than what might be expected from the one 
electron transfer reaction of a single monolayer of 
PANI. This is estimated to be ca. 20-30 uC cm~2 , 
when assuming that only every second aniline unit 
undergoes a one electron transfer reaction [16,17] and 
that full surface coverage of PANI is achieved (recalling 
that one monolayer of H atoms on a Pt surface is 
equivalent to ca. 220 \xC c n r 2 [12]). It is clear that the 
charge densities in Table 1 are small enough to repre
sent a very thin layer of film. 

Fig. 2. FESEM view of (a) 130 nm and (b) 225 nm Type I 
PANI film, deposited on polycrystalline Au substrate, at a 
magnification of 50 000 x , using an accelerating voltage of 5 
kV. Film thickness was estimated from charge density between 
0 and 0.8 V and the conversion factor of 500 C cm " , of film. 

It should also be pointed out that the larger size of 
the pre-peak with increasing PANI film thickness in 
Table 1 does agree with the predictions of the model 
proposed by Gottesfeld et al. [3]. Thicker films would 
have a higher film resistance and would therefore result 
in a greater delay in the onset of oxidation and hence a 
more pronounced pre-peak. The fact that no pre-peak 
is seen for Type II films (Fig. 1(b)), even though they 
are usually much thicker and hence likely to be signifi
cantly more resistive than Type I films, therefore argues 
for a different interfacial structure for these two types 
of films. 

3.1.2. Effect of lower potential limit (E _ ) and time at 
E, 

Fig. 4(a) shows that the pre-peak shifts positively and 
becomes sharper and larger as the potential is scanned 
negatively to - 0 . 4 V for Type I PANI films on GC, 
consistent with the predictions of the conductivity 
switching model [3], At Pt and Au, at which potentials 
more negative than 0 V cannot be reached due to 
interference from the hydrogen evolution reaction 
[10,11], holding the potential at 0 V for various lengths 
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Fig. 3. FESKM view of (a) 130 nm and (b) 225 nm Type II 
PANI film, deposited on polycrystalline Au substrate, at two 
different magnifications: (a) 10000 x and (b) 50000 x , re
spectively, using an accelerating voltage of 5 kV. Film thick
ness was estimated from charge density between 0 and 0.8 V 
and the conversion factor of 500 C cm--1 of film. 

of times shows a similar effect as seen in Fig. 4(a). 
Similar experiments with Type 11 films still did not yield 
a pre-peak (Fig. 4(b)). 

The change in mass of Type I PANI films at a Au 
substrate was tracked using simultaneous in situ 
QCMB, CV and ellipsometry experiments, designed to 
provide further information regarding changes in the 
film properties in relation to the anodic pre-peak. Fig. 5 
shows that, after 5 min of holding at 0 V, the film mass 
has increased by 0.02 fig or 0.4% of its total mass (curve 

Table 1 
Charge density in the pre-peak region (0-0.3 V) as a function 
of film thickness, determined using the 500 C cm conversion 
factor, for Type I PANI films, formed on GC. in 1 M H2S04 

Film thickness (nm) Charge density (uC cm 2) 

SI) 10 
111! 45 
135 75 
145 120 

2 vs. 1). In the subsequent full cycle of potential, a 
further mass gain is seen (curve 3 vs. 2. Fig. 5), after 
which the PANI film maintained a constant mass. 
Parallel ellipsometric measurements made as a function 
of time at 0 V and for a range of PANI film thickness 
indicated that the film refractive index. ;;. drops and 
that the film thickness increases slightly with time. 

These results indicate that, with time at negative 
potentials (and likely also for experiments in which E_ 
is extended to even more negative values), water is 
brought into the film, causing it to swell (consistent 
with the lower observed refractive index, n). As longer 
times at negative potentials, or more time spent at very 
negative potentials, cause the anodic pre-peak to shift 
positively, this increase in film hydration is suggested to 
be correlated with the anodic shift of the pre-peak. This 
suggests that the pre-peak potential and its shape reflect 
the state of hydration of PANI film sites near the metal 
surface. This would imply that a more positive A0 

potential indicates a higher degree, and a more negative 
Aa potential, a lower extent of hydration of PANI sites 
deep within the film. If this is the case, perhaps Type II 
films, being highly porous [11] and probably containing 
large amounts of water, do not show the pre-peak as a 
separate feature, as the pre-peak potential may have 
been driven sufficiently positively so that it is com
pletely submerged within the main Ax peak. 

3.2. Film annealing effects by continuous potential 
cycling over AJCi peaks 

Another very interesting observation was made at all 
substrates for Type I PANI films, grown to a thickness 
such that the pre-peak has just appeared as a small 
shoulder at the foot of peak Ax. Fig. 6 shows that, for 
a 120 nm thick PANI film at Au, at this stage, the A0 

peak is initially rather undefined and quite positive and 
peak C0 is not yet seen. After 25 min of cycling between 
0 and 0.6 V (no further PANI growth), the pre-peak 
has moved negatively, and after a further 60 min of 
cycling, the Ca peak is also clearly seen. In fact, the 
solid curve of Fig. 6 leaves the impression of a separate 
redox reaction occurring in the A0 and C0 peaks. 

Clearly, the film properties are changing significantly 
with continuous potential cycling, reminiscent of the 
annealing effect described by Gottesfeld et al. [18]. Film 
annealing was suggested [18] to involve the loss of 
excess positive charge from the polymer backbone, 
leading to the expulsion of anions from the film. Conse
quently, neighboring PANI sites are allowed to ap
proach closer and tighten the PANI structure and the 
film becomes more compact in nature. This suggested 
change in film properties/structure could be occurring 
near the Au substrate, causing the redox potential of 
the A0/C0 sites to shift negatively. As film annealing has 
been suusested to cause PANI to become more com-
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pact, containing less water, the negative shift of A0 is 
completely consistent with the QCMB/A0 peak poten
tial results of Fig. 5. 

Simultaneous ellipsometric measurements showed an 
increase in the extinction coefficient, k, with time of 
cycling, concurrent with the movement of the pre-peak 
to negative potentials. An increase in k indicates that 
PANI film is switching from a transparent, reduced 
form to a more absorbing material. This supports the 
notion of the formation of a more compact film during 
multi-cycling, with the negative shift in the A0 potential 
serving as an indicator of this. 

The mass to charge ratio during the scan through the 
anodic pre-peak was also calculated, both before and 
after the multi-cycling film annealing process was car
ried out. For a freshly formed PANI film, when the 
pre-peak is just a barely noticeable shoulder at the foot 
of .4, (Fig. 6). a negligible mass change is seen during 
the pre-peak. This was interpreted [2] as reflecting 
hydrated proton expulsion and water injection during 
oxidation, such that the net mass change is relatively 
small (anions have been assumed [2,19-21] to remain 
uninvolved in charge compensation until potentials well 
into peak A\ are reached). 

However, with film annealing, and as the pre-peak 
moves negatively, the mass to charge ratio in the poten
tial range of A0 increased to as high as 7- 12 g per mole 
of electrons. This higher mass to charge ratio may 

indicate that a greater amount of water is injected into 
the annealed film, concurrently with proton expulsion, 
during the anodic scan, than in the freshly formed one 
prior to multi-cycling. This would agree with the sug
gestion that the more negative A0, the drier the internal 
part of the film is. thus requiring more water injection 
during oxidation to allow and aid ion transfer. Alterna
tively, the annealed film may allow the injection of 
anions at a much lower potential, such that the film 
mass increase during the scan is enhanced. A more 
compact film may allow film conductivity switching to 
occur at a lower threshold, leading to anion injection at 
a lower potential. 

3.2.1. Effect of anodic film degradation 
It is known that PANI films degrade when the poten

tial is cycled above ca. 0.95 V [22-24]. Previous studies 
have shown that the film dissolves and other species, 
such as benzoquinone, are formed as a result of film 
degradation [1,19,23,25]. Concurrent ellipsometry, 
QCMB and CV experiments have been carried out to 
examine the nature of the PANI degradation process in 
more detail. PANI film degradation was carried out 
[9.13] by holding the potential at I V for various 
periods of time. After each period of degradation, the 
potential was scanned between 0 and 0.6 V until a 
steady-state CV was obtained, and then the ellipsomet
ric data were collected at 0 V. A structural model of the 
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film was then developed to fit the ellipsometry data 
[9,13]. The ellipsometry analysis of Type I films during 
degradation shows that the inner part of the film is 
hardly affected in the early stages of film degradation 
[9]. Fig. 7 shows that interestingly, an unchanged pre-
peak is still seen for such a partially degraded [2] Type 
1 PANI film. This again supports the hypothesis that 
the pre-peak reflects redox activity of unique PANI 
sites near the substrate/polymer interface. Also, the 
partially degraded Type II PANI films still did not 
display a pre-peak, again indicating that these unique 
PANI sites near the substrate/polymer interface are not 
present in the Type II PANI films. 

4. Summary 

The goal of this work was to examine the A0 pre-
peak, seen for typical PANI films formed electrochemi-
cally in 1 M H 2 S 0 4 solution. Two types of PANI films 
were investigated here. Type 1 films are formed rela
tively slowly, by cycling the potential between 0 and 1 
V versus R H E , as commonly done in much of the prior 
literature. Type II PANI films are formed by cycling 
the potential between 0 and 1.7 V versus RHE in 1 M 
H 2 S 0 4 . These films are formed much more rapidly and 
are more porous than Type I films. 

In the case of Type I PANI, the A0 peak is seen for 
films greater than 100 nm in thickness. Often, a match
ing cathodic peak, C0 is seen. The A0/C0 peaks are 
never seen for Type II films, even when they are made 
very thick. These results suggest that the pre-peak arises 
from the oxidation of particular PANI sites within the 
film. The notable substrate dependence of the pre-peak 
potential, the continuing presence of the pre-peak for a 
partially degraded Type I PANI film (known to de
grade primarily on its outer surface) [9] and the rela
tively small charge density associated with the pre-peak, 
all suggest that peak A0 reflects the reaction of PANI 
sites near the underlying substrate. This region of the 
film may be more resistive than the bulk of the PANI 
film, as suggested earlier [3], 

Simultaneous CV, Q C M B and ellipsometry measure
ments suggest that the movement of the pre-peak to 
positive potentials, as a result of holding at 0 V, is 
related to film swelling. Type II films are known to be 
more porous and therefore it is possible that they 
already contain a high quantity of water, thus having 
moved the A0 pre-peak positively into the main A, 
redox peak. This would explain why the A0 peak is 
never seen as a separate CV feature for Type II films. 

It has been reported earlier that time of cycling of 
PANI films over the full range of potential from 0 to 
0.6 V versus R H E causes Type I films to anneal, 
presumably resulting in a more compact PANI film 

(a) 

~ ? 

1 • 1 • 1 • 1 • 1 • 1 • I — • 

6 0 ~ ? ^ r s = ^ ^ - ^ ^ \ 
^ S " * ^ v > * . > v 

' 1 

50 ^"Xv*\ 
\ \ A 40 M v\ 

30 

v\V\ 
20 

\\A v H \ 
10 

v H \ 
N \ 

0 

i • i • i • i i • 

(b) 

-0.1 0.0 0.1 0.2 0.3 0.4 

E / V v s . RHE 

0.5 0.6 0 7 

E 

- o.o 

-0.2 

-

1 • 1 • 1 

I'

ll \ 

-

2 — • v > / 

-

1 , 3 — ^ > 

• 

TpZ^i' \ 

-
I . I . I . 

0.0 0.6 0.2 0.4 

E / V v s . RHE 
Fig. 5. The frequency-potential response (a) and the corresponding CV (b) lor a 120 nm Type I PANI film deposited on a 
Au-sputtered quartz crystal substrate; (1) when the potential is first scanned between 0 and 0.6 V (—) at 20 mV s~ ' in 1 M H2S04. 
The potential was then held at 0 V for 5 min. showing a decrease in frequency from 1 to 2. followed by a scan to 0.6 V (- - -) 
and then (3) subsequent multi-scans between 0 and 0.6 V (—). 



4770 H.N. Dinh. V.I. Birss/Electrochimica Acta 44 (1999) 4763-4771 

0.00 

-0.25 

-0.50 

1 ' 1 ' 1 ' 1 

ft 
17 ,Y. 

- ft 
• 

i V 

i \ 
- i \ 

Ao , 

^ - ^ ' " " 
—"**-^£: ' 

° \ 
Kt 

/ ( • 

c I . . . . . . 
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

E / V v s . RHE 

Fig. 6. CV response for a 120 nm Type I PANI film, deposited 
on a Au-sputtered quartz crystal substrate, as a function of 
time of cycling between 0 and 0.6 V at 20 mV s~' : (a) 0 (—); 
(b) 25 (- - ) and (c) 85 min ( —). 

[18]. Film annealing carried out in this way is shown 
here to be accompanied by a gradual negative shift of 
the pre-peak. This is consistent with our Q C M B and 
ellipsometry results described above, as the negative 
shift of peak A0 would then reflect a lower film water 
content. Notably, even very long times of cycling of 
Type II films does not reveal a pre-peak, which would 
have been expected to emerge from peak Ax and move 
negatively. 

Simultaneous QCMB experiments show that the film 
mass per mole of electrons, determined for the pre-peak 
region, increases with time of film annealing. It is 
possible that more water is being injected upon film 
oxidation to facilitate ion transport because film an
nealing causes the internal part of the film to be drier. 
It is also possible that more solution anions are being 
injected during the oxidation of the pre-peak sites. 
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Fig. 7. CV response for a 110 nm, partially (30%) degraded 
( —) Type I PANI film, initially 145 nm thick (- - - ) , on GC. 
The film was degraded by cycling between —0.3 and 1.2 V 
versus RHE at 50 mV s~ ' in 1 M H ; S0 4 solution. 
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